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A Nuclear Reactor Installation 


for Marine Use 


By M. C. HARTNELL-BEAVIS, B.sc., 
Atomic Energy Division. 


INTRODUCTION. 

PRELIMINARY design of a_ gas-cooled 
graphite-moderated reactor suitable for a 20 000 
s.h.p. nuclear marine-propulsion installation 

has recently been completed by the G.E.C./Simon- 
Carves Atomic Energy Group. Brief descriptions of a 
larger unit have been given in the technical press.' 

The new design incorporates a number of improve- 
ments, which in most cases are applicable to the 
previous installation and result in substantial reduc- 
tions of weight, size, and capital cost. 


CHOICE OF SYSTEM. 

Initially, the choice of reactor system lay between 
the carbon-dioxide-cooled graphite-moderated type, 
and any one of a number developed in the United 
States. The former has a number of inherent advan- 
tages, but previous design studies of marine instal- 
lations using this type of reactor suggested that it 
would be very difficult to design a unit sufficiently 
small to compete with reactors using hydrogenous 
moderators. The general requirements, and the 
potential suitability of the graphite-moderated system 
in meeting them, can be summarized as follows :— 


BASIS OF CURRENT TECHNOLOGY. 

In view of the severe competition which will prob- 
ably develop in the near future in this field, it was 
essential that the minimum number of uncertainties 
be introduced. For the gas-cooled graphite-moder- 
ated reactor, a wealth of design experience backed by 
the U.K.A.E.A. is available, and further development 
can be based directly on this experience. It was clear 
from the outset that uranium-dioxide fuel would be 
used. This is the basis of all the recent American 
designs and is to be used in the Advanced Gas-cooled 
Reactor (AGR) at present being constructed for the 
United Kingdom Atomic Energy Authority. The 
materials in the reactor—graphite, uranium dioxide, 
carbon dioxide—would all be used under conditions 
for which their properties are generally established, 


and which would require only a slight extrapolation 
from present technology. 

The main problems of on-load charge/discharge, 
which would be highly desirable both from a safety 
and from an economic point of view, had already 
been solved for this type of reactor, and a well- 
established system of channel monitoring for fuel- 
element failures was available. 


GooD SAFETY CHARACTERISTICS. 

In general, design simplicity is a fundamental pre- 
requisite for safe, reliable, operation. In the present 
designs, the activity of the coolant, or that due to any 
fuel-element damage, is separated from the turbine 
circuit by the barrier of the steam-raising units. 
During normal operation with stainless-steel canning 
there is a minimum safety margin to melting of 
700 deg. C., and a detailed safety analysis has shown 
that a far greater safety margin is available under fault 
conditions than in the current reactors fuelled with 
metallic uranium canned in Magnox. The canning 
may be considered as the first line of defence and the 
gas-tight primary circuit a second barrier against the 
dissemination of radioactive particles to the atmos- 
phere, but to ensure safety in the case of the “ worst 
credible ” accident, full containment of the primary 
circuit was proposed. With the layout that has been 
adopted, this entails an insignificant economic penalty. 


HIGH DEVELOPMENT POTENTIAL. 

The chosen system should approach modern 
steam-cycle conditions, with a minimum tempera- 
ture at the turbine stop valve of about 850 deg. F. 
Furthermore, it must offer a clear development 
potential towards higher temperatures and canning 
material with a low nuclear cross-section. 

The gas-cooled system has the advantage that the 
system pressure is independent of temperature. 
Stainless-steel canning allows a coolant outlet tem- 
perature in excess of 1000 deg. F. The choice of 
stainless steel was dictated by the necessity of basing 
present proposals on current technology. There are 
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two attractive alternatives— STEAM DRUM 
beryllium and impermeable 
graphite. The former will 
be used in the AGR, but 
while it gives a considerable 
advantage owing to its low 
cross-section, it offers no 
improvement over stainless 
steel in development to higher 
temperatures. Impermeable 
graphite has been success- 
fully developed in the G.E.C. 
Research Laboratories at 
Wembley. It has remarkably 
different properties from nor- 
mal graphite, and in many 
ways resembles a metal in 
strength and elasticity. The 
effects of neutron irradiation 
are at present being examined 
experimentally, and prelimi- 
nary results have been com- 
pletely satisfactory. 

While these advantages of 
the gas-cooled graphite- 
moderated system applied 
particularly to large land- 
based installations, it 
appeared until recently that 
it would be extremely diffi- 
cult to achieve the high 
heat-transfer rates necessary 
for a small marine reactor. 
The power density in the 
AGR core is approximately 
40 kW/ft®; for a marine 
installation this would have to be increased to at least 
150 kW/ft®. It is of interest to note that the power 
density in the Dresden boiling-water reactor is about 
700 kW /ft® and in the Shippingport pressurized-water 
reactor about 1 000 kW/ft®. A new design’ of fuel 
element has been developed by the G.E.C./Simon- 
Carves Atomic Energy Group which makes possible 
core volume ratings of the same order as those 
achieved in water-moderated reactors. The choice 
of about 270 kW/ft® at 400 Ib/in® abs. reactor- 
inlet pressure, used in the marine installation described 
here, has been shown to be reasonably conserva- 
tive in the studies of the transient behaviour of the 
reactor, and has been dictated largely by economic 
considerations. With this development the last 
barrier to the successful application of the graphite- 
moderated gas-cooled reactor to marine propulsion 
has been removed. 


LAYOUT. 
The main criteria in deciding the design parameters 
were : 
1. Safety and reliability. 
2. A layout to give minimum occupied space, ease 
of accessibility of components, minimum weight, 
and low centre of mass. 


COLD DUCT 
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Fig. |.—Transverse cross-section through the centre of the reactor installation. 


3. A low installation capital cost achieved by com- 
pactness and maximum structural simplicity. 

As a general principle, minimum installation volume 
is obtained when core and steam-raising-unit axes are 
parallel. Comparative studies of vertical and hori- 
zontal layouts showed overwhelming advantages for 
the latter. With the reactor core horizontal, access to 
the fuel channels is possible from both ends of the 
pressure vessel. Provision of on-load discharge of 
faulty fuel elements would be extremely difficult in 
a vertical layout ; with the horizontal core the control 
rods can conveniently be operated from one end, while 
the normal discharge of fuel elements takes place from 
the other end of the core. In a marine installation with 
the channels in a fore/aft orientation, minimum 
acceleration imposed by shock conditions acts in the 
direction of fuel-element discharge and control-rod 
travel. Full shielding is not required underneath 
the reactor, and this layout gives a_ substantial 
reduction in the shield weight. A further important 
advantage is that with the steam-raising units above 
the reactor a maximum differential head between 
hot and cold gas ducts is available to promote 
natural circulation. 

It is clear from a study of figs. 1 and 2, which show 
sections through the installation, that an extremely 
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Fig. 2.—Longitudinal cross-section through the reactor installation. 


compact layout is achieved and the containment 
structure is greatly simplified. 


FUEL ELEMENT. 

The fuel element represents a complete departure 
from previous practice with gas-cooled reactors, by 
employing cross-flow instead of the more usual longi- 
tudinal flow for the coolant. Each element consists of 
a cylindrical graphite sleeve in which a large number 
of individual fuel capsules are arranged at right angles 
to the gas flow, fig. 3. The capsules are of lenticular 
cross-section, with a typical major axis of 0-8 in. and 
minor axis of 0-2 in., and each one is made up of a 
number of pellets of slightly enriched uranium dioxide 
sealed in a stainless-steel can, 0-010 in. thick. Dished 
end caps are seam welded to the can, porous-magnesia 
inserts serving to protect them from excessive tem- 
peratures during operation. A number of these 
capsules are welded between two thin steel guide 
strips to form a ladder-shaped assembly, and six such 
assemblies are inserted into the graphite sleeve, as 
shown in fig. 4. They are held in position by steel 
retaining rings sprung into grooves at either end. 


CORE AND PRESSURE VESSEL. 
There are fifty-four fuel channels and seven control- 


rod channels on a triangular lattice pitch of 11 in. 
A start-up source is also contained in the central 
control-rod channel. The core and reflector, built of 
hexagonal blocks, form a hexagonal structure designed 
to accommodate Wigner shrinkage,* and rest in a Vee 
support in the pressure vessel. Eight restraint 
mechanisms apply a small positive loading to the 
remaining four flats of the hexagon, and these mechan- 
isms are locked hydraulically to restrain the core 
structure in posjtion under shock conditions. 

The cylindrical pressure vessel of 34 in. wall thick- 
ness has dished ends, has an internal diameter of 
15 ft, and weighs 135 tons. It is mounted on radial 
keys on the inner steel shield ring to allow for dif- 
ferential radial and axial thermal expansion. The 
standpipes at either end of the reactor are housed in 
stepped tubes ; removable plugs in the ends of the 
standpipes form the primary-circuit gas seals, and 
plugs in the ends of the tubes form the secondary 
containment. 


SHIELD. 

The construction of the shield is cellular, the voids 
being filled with demineralized water which is circu- 
lated through an external cooling circuit. The inner 
cylindrical shell supports the pressure vessel ; on the 
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Fig. 3.—Sectional view of cross-flow fuel element. 


outside of this shell a boron-steel layer absorbs back- 
scattered neutrons thermalized in the subsequent 
water layers. Castellated formers at a longitudinal 
pitch of 30 in. are used to space apart the three shells 
of the main shield, forming an extremely rigid and 
strong structure. The outer shell supports the steam- 
raising units and the enclosing containment dome is 
attached to this shell. As can be seen from fig. 2, the 
cylindrical cellular structure of the main shield is 
closed at either end by a number of flat discs which are 
penetrated by the tubes housing the standpipes. 


PRIMARY CIRCUIT. 

CO, coolant enters the reactor channels 
through ports in the standpipes at the cold end. 
At the reactor-outlet end it passes into the hot 
manifold which is sealed to the end support 
plate which, in turn, is sealed on to the 
moderator blocks. Two internally insulated 
hot ducts pass from the manifold, through the 
pressure vessel and shield, and through the 
steam-raising-unit shells to the rectangular 
ducts which house the tube banks. After 
flowing over these banks the coolant returns 
via the annulus between duct and shell to the 
circulators. The return ducts from the circu- 
lators to the reactor pressure vessel join in a 
Y-layout to a single duct entering the pressure 
vessel at the same end as the hot ducts. The 
cold gas returns round the outside of the 
reflector to the inlet-end standpipe ports. 
With this arrangement, both steam-raising 
unit and reactor pressure vessels, and their 
interual support and restraint systems, are 


maintained near the reactor-inlet 


temperature. 


coolant-gas 


STEAM-RAISING UNITS AND COOLANT CIRCULATORS. 

The steam-raising plant consists of two water-tube 
boilers of the assisted circulation type, each being 
sub-divided into economizer, evaporator, and super- 
heater units. 

The banks are enclosed in a rectangular gas-tight 
casing within the pressure shell. Rollers distributed 
along its length at three corners support the casing 
through the shell on the main steam-raising-unit 
support structure. A removable head at the forward 





Fig. 4.—Typical cross-flow fuel element. 
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end of the steam-raising-unit vessel provides sufficient 
access to permit withdrawal of complete tube banks ; 
these are removed through an access cover on the end 
of the containment structure. 

Three sets of radial lugs support the steam-raising 
units and allow radial and axial thermal expansion ; 
axial location is provided at the circulator turbine 
support which is mounted in the end structure of the 
containment. Single-stage centrifugal circulators are 
directly coupled to steam-turbine drives. Two seals, 
placed back to back on either side of the roller bearing 
supporting the shaft, provide primary circuit and 
containment sealing. The turbines are thus com- 
pletely accessible from outside the containment. 


CHARGE/DISCHARGE INSTALLATION. 

A notable feature of the design is the provision of 
on-load charge/discharge facilities. The remotely- 
controlled charge machine is contained in an outer 
fully-shielded pressure vessel and mounted on a slide 
which runs on fixed vertical guides. The provision of 
a separate standpipe for each channel and the relatively 
short channel length allow a considerable simplifica- 
tion compared with the designs of the current land- 
based power-station installations using gas-cooled 
reactors. 

The internal charge-machine pressure vessel houses 
the charge chain, grab, and drive, and the storage 
magazine containing 14 storage holes. To discharge 
the channel under load, the seal is first made between 
the charge-machine containment and the main 
containment over the appropriate plug. After purging 
the machine containment with CO, and after removal 
of this plug, a second seal is made on to the standpipe 
before pressurizing the machine pressure vessel to 
reactor pressure and removing the standpipe plug 
to gain access to the channel contents. 


COOLANT SUPPLY AND AUXILIARY CIRCUITS. 

Included in the installation are a number of auxiliary 
circuits, such as containment and shield coolant 
systems, filters and driers for the primary coolant 
circuit, reactor blow-down and evacuation circuits, 
and an activated-carbon-filter iodine trap for use 
during blowing down of the containment volume 
should a reactor fault occur in which activity is 
released from the fuel elements. An interesting feature 
is the provision of a carbon-dioxide manufacturing unit 
on board ship. This is a self-contained plant capable 
of sustained production of CO,, with a purity of 
99-96 per cent, from the flue gas produced by burning 
bunker boiler oil. The reactor is thus entirely inde- 
pendent of an external source of supply of coolant. 


CONTROL AND INSTRUMENTATION. 

The reactor is controlled by the insertion of boron- 
steel cylinders driven by electric motors. An indepen- 
dent shutdown system consists of semi-flexible boron- 
steel rods sheathed in stainless steel and housed inside 
the normal control-rod cylinders. These are driven 
into the core pneumatically. 

The reactor instrumentation includes shielded 


thermocouples located in pockets in the reflector at 
the outlet ends of the channels, stainless-steel- 
sheathed thermocouples fitted to selected fuel elements 
to give measurement of can temperature, neutron 
detectors mounted in tubes parallel to the reactor 
axis and penetrating into the inner water jacket of the 
shield, and faulty-element detection equipment which 
samples the outlet gas from every reactor channel. 


HAZARDS. 

The principal hazard associated with a nuclear 
reactor system, which is not present in other power 
generating equipment, is the release of radioactive 
products from the system. 

Of the various sources of radioactivity in the plant, 
and the various possible ways of disseminating some 
of this activity in an accident, potentially the most 
serious is the airborne release of activity from fuel 
elements in the core. 

Since the only effective means of releasing large 
quantities of radioactive matter from the fuel elements 
is through melting of the canning materials, the main 
considerations for a core safety study relate to the 
maximum can temperature and the conditions under 
which cans could melt. In cases where melting is 
likely, consideration must be given to the possible 
subsequent release of the active gas to the contain- 
ment vessel. 

The nuclear characteristics of the core are such 
that it is inherently stable, partly owing to the use 
of enriched fuel and partly because of its small size. 
A number of effects apart from control-rod insertion 
have to be taken into account, such as the immediate 
reduction of reactivity following a temperature rise 
in the fuel elements (owing to the negative tempera- 
ture coefficients associated with these), the relatively 
slow addition of positive reactivity as the moderator 
warms up (when the fuel is in an irradiated condition) 
and the coolant flow rates under various conditions 
of natural circulation. 

A comprehensive study’ has been made of the 
types of faults which affect gas-cooled reactors in 
general. Analyses of the safety of marine installations 
have been carried out on the basis outlined in this 
reference. 

From these studies it has been shown that the plant 
is inherently safer than the land-based power stations 
currently under construction. This is partly because 
of the smaller value of the positive moderator tem- 
perature coefficient under irradiated conditions, and 
partly a result of the large temperature margin 
between operating conditions and melting point 
(1 450 deg. C.) of the stainless-steel can. 

The following chain of circumstances is assumed 
to constitute the ultimate pressure hazard, and the 
containment vessel is designed with a large safety 
factor assuming the fault conditions to occur simul- 
taneously. 

(a) Evaporator-tube failure in one steam-raising 
unit, increasing the primary circuit pressure to 
the safety-valve release pressure, followed by 

(6) a main-duct fracture, coincident with 
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(c) the fracture of a superheater steam main within 

the containment vessel. 

In determining the ultimate pressure within the 
containment the addition of decay heat from the 
reactor core must be taken into account. In the 
20 000 s.h.p. design the maximum anticipated pressure 
under these fault conditions is about 240 Ib/in*. 

Ingress of air into the core on fracture of a primary 
coolant duct is prevented by having an atmosphere of 
carbon dioxide in the containment. There is, there- 
fore, no fire hazard associated with this fault. 


ECONOMICS. 

The marine installation that has been described is 
an advanced version of an established system for 
which a great deal of cost-analysis experience is avail- 
able in G.E.C., and the possible margin of error in 


TABLE 1. 


Some leading parameters for the 20 000 s.h.p. marine 


reactor installation. 
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estimating capital costs is thereby greatly reduced. 
About 62 per cent of the total weight, and 25 per cent 
of the total cost of the 20 000 s.h.p. installation lies in 
the biological shield ; unfortunately this is almost 
independent of output, so that capital costs vary 
relatively slowly with installation size. The cost of the 
first marine installation was carefully worked out to 
form a basis for subsequent modifications, and present 
estimates of capital cost are : 
50 000 s.h.p. installation £2 500 000 
20 000 s.h.p. installation £2 054 000 

Fuel costs for the two installations do not vary 
greatly, since the reduction in output from 50000 
s.h.p. to 20 000 s.h.p. has been used to optimize the 
nuclear conditions rather than to give minimum 
installation size, so that there is negligible difference 
in fuel enrichment for a given burn-up in the two 
cases. For high-load-factor installations, such as a 
tanker or fast passenger vessel, the 
larger-size unit is already com- 
petitive with conventional power 
plants, and the lower limit of size for 





Number of reactors 


1 





Reactor heat output 





Moderator and Reflector 
Nominal core diameter 
Core length 
Reflector thickness ; site 
Machined weight of graphite ds 





Pressure Vessel 
Diameter, outside 
Thickness 





Coolant Circuit 
Gas 
Maximum working pressure 
Total maximum flow 
Reactor inlet temperature 
Reactor outlet temperature 





Steam-raising Units 
Number 
Maximum evaporation (each s.r.u.) 
Temperature at superheater outlet 
Pressure at superheater outlet ... 
Feed temperature ; 
Pressure shell, inside diameter 

thickness 


length, including domed head > 





Containment 
Wall thickness 
Overall length over access covers 
Overall height os 3 
Overall width 








Summary of Weights 
Pressure vessel ... oe 
Pressure-vessel contents 


Steam-raising units (total) and ancillaries 


Turbines and circulators ‘ 
Charge machine and structure 
Biological shield and header tank 


Containment and Hydrobord shielding 


Miscellaneous 
Total 





economical operation will certainly be 
reduced with design improvement and 
technical innovations, particularly 
when fuel-element cans of lower 


55 MW : 
neutron-capture cross-section become 
a practical proposition. 
It is of interest to examine the 
2 ft economic aspects of the larger instal- 
44 tons lation size in more detail. A suitable 
use for the 50 000 s.h.p. unit would be 
15 ft 7i to power a tanker with a carrying 
In. . ° 
31 in. capacity of, say, 100000 tons in- 
. cluding its own fuel. This vessel 
would be employed on the route from 
00 — the Persian Gulf to the United 
) in, abs. . : : 
371 Ib's Kingdom via the Cape. With a speed 
500 deg. F. of 20 knots, the tanker could complete 
1 020 deg. F. five round trips a year. In the case of 
the conventional tanker, with the 
2 normal relationship between Persian 
80 555 Ib h Gulf and U.K. fuel-oil prices, the 
850 deg. F. lowest cost per ton of crude oil 
600 Ib /in*, gauge delivered to the U.K. would be 
240 deg. F. ; , ; 
7 ft 6 in. obtained if the ship burned only fuel 
1} in. oil bought in the Gulf, although this 
34 ft 0} in would reduce its capacity to deliver 
crude oil. 
1} in. The economic comparison between 
44 ft the nuclear and conventional tanker 
37 ft is made on the basis of the cost per 
35 ft ton of crude oil delivered, the con- 
ones ventional tanker being able to deliver 
135 only about 84000 tons per trip, 
171 compared with 100000 tons for the 
= nuclear ship with negligible fuel 
80 weight. The conventional fuel cost 
1 234 would be at least 0-25 pence per shaft 
161 horsepower hour, depending on the 
an current level of fuel-oil prices. The 
1 980 nuclear fuel cost, using enriched 
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uranium containing about 3 per cent U 235, at pub- 
lished prices of the U.S. Atomic Energy Commission, 
with fuel fabrication and processing carried out in the 
U.K., and burn-up of about 10 000 MWd/t, would be 
0-2 pence/s.h.p.h. 

The comparison of costs per ton delivered is shown 
in Table 2. Additional insurance for nuclear risks 
has not been allowed for. 


TABLE 2. 


Comparison of costs for conventional and nuclear- 
powered large oil tankers. 


would open up possibilities for small land-based 
nuclear power stations in sufficient quantity to en- 
able capital costs per kilowatt or per horsepower to be 
considerably reduced. 


CONCLUSIONS. 
A striking point about this reactor system is its 
flexibility. From the original research and isotope- 


TABLE 3. 


Comparison of costs for conventional and nuclear- 
powered large passenger liners. 








Conventional Nuclear 


Conventional Nuclear 








Total capital cost including 


propulsion unit ... £5000000 £6 750000 


Total capital cost, including 


propulsion unit ... £25 000 000 £28 500 000 





Annual cost of amortization, 

maintenance, and insur- 

ance ibe ie £550 000 
Annual fuel costs 


£742 500 





(375 « 106 s.h.p.h.) 390 600 312 500 
Other operating costs une 75 000 100 000 
Total annual costs , £1015600 £1 155000 
Tons of crude oil delivered 420 000 500 000 
Cost per ton delivered... £2-42 £2:31 











A second possible economic use for a nuclear ship- 
propulsion unit in the near future is in a fast passenger 
liner. In this case two 75000 s.h.p. units could be 
installed in a ship to carry, say, 5 000 passengers and 
crew at a speed of about 30 knots. Making one 
voyage across the Atlantic each week such a vessel 
would steam about 150 000 miles or more a year. In 
this case the fuel cost per shaft horsepower hour of a 
conventional ship would be high, since fuel oil could 
not be bought in a cheap market. The economic 
comparison, shown in Table 3, is made at equal 
speeds ; the much lower fuel cost per shaft horsepower 
hour of the nuclear ship, and the fact that reactor 
costs per shaft horsepower hour fall as the required 
power output is raised, might make a higher speed 
for the nuclear vessel more economic, in spite of a 
higher initial cost of the nuclear propulsion unit. 

One of the main advantages of reactors with power 
outputs in the range considered is that the sizes of 
the components make them suitable for factory pro- 
duction. They would thus be subject to economies of 
production that cannot be applied to the types of 
nuclear power reactors at present being built. A 
working demonstration of the technological and 
economic feasibility of a reactor of small dimensions 





Annual cost of amortization, 

maintenance, and insur- 

ance eS ‘a £2 750 000 
Annual fuel costs 


£3 135 000 





(750 = 106 s.h.p.h.) 1 406 250 625 000 
Other operating costs, in- 

cluding food and stores 3 000 000 3 050 000 
Total annual cost ... £7 156250 £6810000 











production reactors, to large power reactors based on 
the Calder Hall design, and now to small land-based 
and marine installations, the graphite-moderated gas- 
cooled system has fully vindicated its original choice 
by the United Kingdom Atomic Energy Authority. 
The marine installation described is firmly based 
on our experience with this system ; any marginal 
uncertainties are of such a nature that they can be 
resolved with minor experimental effort. |The 
engineering features are “conventional” and a 
detailed assembly programme has been worked out 
with a construction period of two and a half years. 
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Controlled Starting Tests on 
60 MW Turbo-Alternators 


By F. L. TOMBS, A.M.1.£.£., Power Plant Division, Engineering Group, Erith. 


HE shape of the national load curve for England 
and Wales is shown in fig. 1, which indicates 
the load variation on the day of maximum 
demand in the winter of 1957/58. Whereas the 
maximum peak daytime demand was over 19 200 MW, 
the load fell to only 27 per cent of this figure during 
the night. 
As a result, a large 
amount of generating 


to be operated in this fashion it is clearly necessary for 
smaller machines to make an equal contribution to 
the economy of two-shift operation. 

To this end, the C.E.G.B. has conducted a series of 
quick-starting tests on a number of machines, after a 
six- to eight-hour shutdown, to establish optimum 
starting conditions for turbo-generators which were 

not initially designed for 
such duties. 





plant has to be shut — 


down overnight and 
brought back into service 
during the day to meet 
the peak load. There 
are many problems 
associated with the 
operation of large turbo- 
generators on this two- 
shift system, and, al- 
though the Area Boards 
are doing their utmost 
to develop off-peak load, 
the situation may well 
become even more acute 
as the base-load is taken 
over by the nuclear 
generating stations, 
which must be operated 
continuously to attain 
the greatest possible 
overall system economy. 

The Central Electricity 
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The object of running 
up and loading at the 
maximum practical rate 
is to reduce the period 
during which a machine 
operates at no-load or 
partial load. This re- 
duces the losses involved 
and represents a sub- 
stantial saving in cost on 
the whole system. Acce- 
lerated loading also assists 
in matching the rapid load 
increase around 8 a.m., 
without the need for a 
large quantity of gene- 
rating plant “ standing 
by ” at partial load. 

A comprehensive 
series of starting tests, 
after shut-downs of six 
hours (warm starts) and 
sixty hours (cold starts), 
on G.E.C. machines at 








Generating Board is well 
aware of this trend, and 
the need for two-shift 
operation has formed 
part of their specifica- 
tion for all new machines 
for many years. This even applies to the 550 MW 
cross-compound reheat unit ordered for Thorpe 
Marsh and the 350 MW tandem-compound reheat 
units planned for Drakelow “C”. After a six-hour 
shutdown, these machines will be required to run up 
to speed in thirty minutes and load fully in a further 
twenty minutes. If the largest reheat machines are 
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Fig. |.—Variations in C.E.G.B. system demand on December 16, 
1957. 
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Hams Hall “C” and 
Poole Generating Sta- 
tions is summarized in 
this article. The 
machines tested are of 
60 MW continuous maximum and economic rating. 

At Hams Hall “ C ” there are six machines, arranged 
in line, with steam conditions of 900 lb/in*, 900 deg. 
F. at the turbine stop valve, and exhausting to a 
vacuum of 28-7 in. Hg. The alternators are hydrogen- 
cooled at a pressure of 0-5 lb/in® and are of con- 
ventional design. 


CONTROLLED STARTING TESTS ON 60 MW TURBO-ALTERNATORS 139 


At Poole there are two G.E.C. machines, arranged 
transversely at the end of the turbine hall (which also 
houses four 50 MW sets in line), operating at steam 
conditions of 900 Ib/in® 925 deg. F. at the turbine 
stop valve, and exhausting to a vacuum of 28-9 in. Hg. 
The alternators are hydrogen-cooled at a pressure of 
30 Ib/in? and have direct-cooled rotors in which the 
gas passes through hollow rectangular conductors. 

The turbines at both stations are similar. Each 
consists of an H.P. cylinder, in which the steam flows 
towards the governor end, and a double-flow L.P. 
cylinder. Steam enters the machine through two 
emergency valves and four throttle valves. The 
throttle valves are integral with the H.P. casing and 
admit steam to the first nozzles at points symmetric- 
ally disposed about a continuous inlet belt. The 
machines are throttle-governed, the emergency stop 
valves being under the control of the speed governor. 
The two turbine rotors and the alternator rotor are 
solidly coupled. 

A section through the turbine is shown in fig. 2, 
and special mention must be made of the patented 
vernier type glands (fig. 3), which permit complete 
freedom of axial differential movement. These glands, 
together with the relatively liberal axial blading 
clearances associated with an impulse design, con- 
tribute greatly to the excellent performance of the 
machines during this series of tests. 


LIMITING FEATURES. 

The fundamental problem in starting a steam 
turbine is to control the rate of heating of the metal in 
the casing and rotor of the turbine. High rates of 
heating may lead to unacceptable stressing of the 
casing, which might possibly result in distortion 
sufficient to take up the clearances between the 
stationary and moving parts. They can also cause 
transient thermal bending of the rotor, due to un- 





equal conduction, and this might possibly result in a 
bend of sufficient magnitude to cause the rotor to 
foul the stationary glands. 

The first condition seldom occurs in practice, 
although thermal stressing of the casing may result in 
permanent distortion, or even cracking, if the resulting 
local stress exceeds the yield point. The second 





Fig. 3.—Vernier labyrinth packing gland. 


possibility, that of bending the rotor, is a more com- 
mon one, and has been experienced by most operators 
at some time or another. When vibration occurs 
during the running-up period the familiar technique of 
delaying further loading until the vibration diminishes 
is, im many cases, a treatment of this condition, 
although the underlying cause may not have been 
appreciated. 


Nm IM 


Fig. 2.—Section through a 60 MW M.C.R., two-cylinder steam turbine. 
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Fig. 4.—Relationship between steam temperature and load during 
controlled-start test at Hams Hall ** C ’’ 


Because of the convective nature of the heat trans- 
fer, the rate of heating of the casing and rotor is 
mainly affected by the temperature difference between 
the steam and metal, and by 
the mass flow of steam across 
the metal surface. Thus it is 
possible to accept relatively 9 
high steam/metal tempera- 7 | 
ture differences at low rates \ 
of steam flow, although the wee 
same differences might well BY 
prove disastrous at higher 
flow rates. Increased steam 
flow also has two additional 
effects arising from increased N 
pressure at any given stage in 
the turbine, namely increased 18 
steam temperature at that - 
stage and an improved heat 
transfer coefficient. 

There are, then, two main 
criteria which determine the 
maximum rate of heating 
which can be achieved during 
starting : 

1. The steam/metal tem- 

perature differential. 

2. The steam flow. 

Together these factors 
exercise a great influence on 
the rate-of-change of metal 
temperature, which must be 
carefully controlled. 
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A considerable amount of work, both experimental 
and analytical, has been carried out by turbine manu- 
facturers at home and overseas into the problem of 
assessing thermal stressing during starting. Indeter- 
minate factors, such as the temperatures within the 
rotor discs and body, the complexity of the casing 
structure, and the difficulty of measuring casing 
distortion, have, however, forced acceptance of 
empirical values which ensure that thermal stressing 
is kept within safe limits. Those commonly used in the 
operation and design of steam turbines are : 

(a) The steam temperature during loading should be 

kept within the range of 200 deg. F. above to 
100 deg. F. below the temperature of the casing 
at the inlet belt. 
The maximum rate-of-change of metal tem- 
perature at any point on the casing should not 
be greater than 800 deg. F./h. (The rate-of- 
change of rotor temperature is not susceptible 
to measurement. ) 

In practice, the rate of steam flow is the principal 
means of controlling these factors. 


(b> 


TEST ARRANGEMENTS. 

As previously mentioned, the machines at Hams 
Hall “ C ” are arranged on the unit principle, having 
one boiler for each machine, with no interconnexion 
between units. The relationship between load and 
steam temperature at the superheater outlet is shown 
in fig. 4, from which it will be seen that the steam 
temperature available at low loads is well below the 
nominal 900 deg. F. This temperature is further 
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Fig. 5.—Location of thermccouples in H.P. casing of 60 MW turbine at Poole. 


CONTROLLED STARTING TESTS ON 60 MW TURBO-ALTERNATORS 


lowered some 50 deg. F. by the cooling effect of the 
long steam pipes between the boiler and the turbine. 
This low steam temperature at low loads is of great 
assistance in starting a cold turbine, but is lower than 
desirable for starting after a shutdown of only six to 
eight hours, when the machine is still hot. Special 
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The normal supervisory gear on these machines records: 
Shaft vertical eccentricity at governor end. 
Shaft horizontal eccentricity at governor end. 
H.P. shaft/casing differential expansion. 
Steam /metal differential temperature at the turbine 
inlet. 
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Fig. 6.—Results of controlled cold-start test, after eighty-two hours shut-down, at Hams Hall ‘* C "’ 


steam flow from the boiler, and thus a higher steam 
temperature, by “ dumping ” steam to atmosphere at 
a point just prior to the turbine inlet. The tests 
subsequently proved that such an arrangement was 
unnecessary for these machines—an experience shared 
by other manufacturers of similar units. 

At Poole, the turbines are connected via compara- 
tively short pipes to steam receivers supplying steam 
at 925 deg. F. As a result, the steam temperature 
during starting has the full rated value, less the small 
cooling effect of the connecting pipes. This is of great 
assistance in starting after short shutdowns, but is not 
so accommodating in starting from cold when steam 
metal differential temperatures are consequently high. 

The H.P. casing of the machine under test was 
fitted with thermocouples as shown in fig. 5. Arrange- 
ments were made to record these temperatures and also 
the temperatures of the main steam and gland steam. 


' 


These records were used for the test, and the 
procedure in each case was to observe;a normal start 
by the station operating staff, and then to study the 
results with a view to obtaining improvements. After 
each subsequent test, the results were summarized and 
discussed at a meeting with the station operating staff, 
modifications of technique being arrived at by 
discussion. 


COLD STARTS. 


At Hams Hall “ C” the usual cold-start technique, 
adopted after shutdowns exceeding 60 hours, in- 
volved a period of 90 minutes to run the machine 
from barring up to full speed, and a further 90 minutes 
to load the machine to 60 MW—a total of 3 hours. 

As a result of the tests it was shown that the normal 
starting practice at the station could be shortened by 
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twenty minutes ; at the same time, the rate of increase 
in metal temperature at the inlet belt was reduced 
from 750 deg. F./h. to 395 deg. F./h. The principal 
variables during this cycle are shown in fig. 6. 

At Poole, the steam range connexion was 
somewhat less advantageous for starting from 
cold, and it was impracticable to run the 
machine up to speed in less than 100 minutes ; 
loading to 60 MW took a further eighty-nine 
minutes. During this test the maximum rate- 
of-change of metal temperature at the turbine 
inlet belt was 855 deg. F./h. Even under these 
comparatively stringent conditions, the maxi- 
mum shaft eccentricity recorded was less than 
0-001 in. 

It will be appreciated that cold starts are 
relatively infrequent, so that time-saving is not 
of prime importance. This is fortunate, for the 
large steam/metal differential temperatures 
necessitate a careful and somewhat prolonged 
starting procedure. 


HOT STARTS. 

At Hams Hall “ C” the tests were carried 
out in conjunction with Simon-Carves, the 
manufacturers of the boilers. It was found 
possible, after a shut-down of six hours, to 
bring the boiler-turbine unit to full load in only 
fifty-eight minutes from the introduction of 
the initiating oil burners prior to coal ignition. 
Whereas the machine was run up to speed in 
eight minutes, the loading period occupied 
thirty minutes—at a fairly usual loading rate 
of 2 MW/min—due mainly to the operational 
difficulty of loading a unit boiler rapidly and, 
at the same time, maintaining satisfactory 
superheat control. 

At Poole no such limitation existed, and it 
was possible to bring the unit to speed from 
barring in twelve minutes and load it fully in a 
further ten minutes—a loading rate of 6 MW 
min. Fig. 7 shows the behaviour of the 
principal variables during a hot start at Poole 
Power Station. 

A hot start is, generally aking, the easiest 
of all conditions for starting a turbo-generator, 
as steam/metal differential temperatures are 
low. It is also the most common starting 
condition in practice, outnumbering cold 
starts by perhaps ten to one. These tests 
show that, after shutdowns of the order of six hours, 
the only features which limit the rate of running- 
up and loading these machines are those imposed 
by the capacity of the boiler plant and the time taken 
to carry out the necessary operations. 

These tests have demonstrated the robustness of 
G.E.C. 60 MW machines. The great value of reliable 
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and comprehensive turbine supervisory gear was 
adequately demonstrated and it was very satisfactory to 
observe the confidence of the operators in this 


equipment. 
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Fig. 7.—Results of controlled hot-start test, after six hours shut- 
down, at Poole. 
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Relighting of Gloucester Cathedral 


HE relighting of 

Gloucester Cathedral, 

after the original 
installation fifty years ago, 
is claimed to be a triumph 
for the G.E.C. “ Designed 
Appearance Lighting”. The 
relighting scheme is certainly 
distinguished, and where 
successful it raises the stan- 
dard of church lighting in 
this country far above the 
usual dreary level we have 
come to expect. It is im- 
portant to understand, how- 


By DEREK PHILLIPS, A.r.1.B.a. 


A new ‘* Designed Appearance ’’ system of 
lighting now installed in Gloucester Cathedral 
has been specially planned to provide an 
atmosphere helpful to worship, and to present 
the architecture of the building in the way 
which its eleventh and twelfth century 
builders would have wished. The lighting 
engineer in charge of the project was Mr. J. M. 
Waldram of Research Laboratories, and the 
system was installed by Drake & Gorham 
(Contractors) Ltd. Mr. Derek Phillips is a 
consultant architect and a regular contributor 
to ‘* Architecture and Building ’’, from the 
March 1959 issue of which this article is 
reprinted. 


by simple arithmetic to arrive 
at the amount of illumination 
required at each point ‘to 
achieve the necessary relative 
values in the original “ light 
and shade ” sketch. 

This illumination will be 
derived in two ways, the 
light coming directly from 
light sources “‘ seen by” the 
surface, and light obtained 
by reflection from other sur- 
faces in the room. There are 
difficulties of calculation, 
particularly of the “ indirect ” 


ever, how much of the success 
of the scheme is due to the 
“* designed appearance”’ method, and how much to 
J. M. Waldram’s own peculiar talents as, what I am 
sure he would wish to be described, a “lighting artist”’. 

It is necessary to give a short description of the 
“ designed appearance method ” as set out in Wald- 
ram’s original paper to the I.E.S. in 1954, “ Studies in 
Interior Lighting”. The first step is to assess the 
architectural problem in terms of light and shade, 
or in other words to state as nearly as possible the 
relative brightnesses of different surfaces in a composi- 
tion. This is best done in sketch form and where a 
building exists the problem is probably easier, since 
perspective drawings can readily be traced from 
photographs. 

From a scale of “ apparent brightness ” numerical 
expressions can be obtained for different points on the 
sketch, surfaces which are depicted as light having 
higher numerical values than those shown in shadow. 
It is then necessary to estimate a mean value, or 
“ adaptation brightness ” and once this is established 
it is possible to convert the numerical values into 
photometric terms, in Foot Lamberts, or Luminance* 
by reference to a series of curves. “ Brightness” 
being the product of the illumination on the surface, 
and the reflection factor of the material, it is possible 


> 





* This is the “ international”? term for “‘ photometric brightness’”’, a 
concrete value which can be measured with instruments and consequently 
planned and designed for. 


component, but this is made 

easier by the fact that each 
of the surfaces is of known brightness, since these 
have in fact been specified ; so roughly by inspection, 
or by using daylighting technique, the indirect com- 
ponent can be found. Subtraction from the total 
required will give the illumination which must be 
arranged for by light sources. 

The “designed appearance method” starts with 
the basic assumption that “ you know what you want 
the building to look like in advance’, and this in some 
ways is its greatest limitation, in that there are a large 
proportion of architects who will not know what they 
want the building to look like in terms of light and 
shade, since there has been little but experience to 
guide them, due to deficiencies in architectural train- 
ing. But by far the greatest limitation, and the one 
that up till now has precluded its general use in 
practice, is that only a minute percentage of “ lighting 
engineers ” can appreciate space in three dimensions, 
and can therefore work with an architect to understand 
the problems involved in specifying the original con- 
cept. Other disadvantages are serious but not insuper- 
able, being mostly attached to the present set-up in 
the lighting industry whereby a manufacturer plans 
the lighting scheme and must set his own design time 
against the cost of the equipment. For this method 
takes time, and in many cases the amount of equip- 
ment required does not justify the expenditure in 
staff time for calculation. 
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Fig. | and 2.—Preliminary photographs provided a record of existing lighting conditions, and possible locations for equipment. 


DESIGN AIMS. 

In order to estimate the success of the lighting 
scheme at Gloucester Cathedral it is useful to under- 
stand the aims of the designer, to see to what extent 
these are admirable, and to what extent they have been 
fulfilled. 

Fortunately, the former is easy to do, since in a 
recent paper to the Illuminating Engineering Society 
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Mr. Waldram has stated his aims and those of the 
architect with great clarity, they were these : 

1. That the lighting should assist the religious 
services by making a positive contribution to 
worship. 

2. That the lighting should reveal the beauty of the 
architecture sufficiently, but without attracting 
undue attention to it. 

The Dean himself particularly stressed the danger 

of overlighting the building, since he felt that some 





Fig. 3 and 4.—J. M. Waldram’s original light and shade sketches. 
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Fig. 5.—The nave in daylight. 


degree of mystery should remain, 
shadows being as important as light. 
The distinction was drawn between a 
dramatic effect, which was desirable, 
and a “ theatrical ” effect displaying an 
obvious “ striving for effect” which 
would be most undesirable. 

In order to satisfy the first of these 
aims, the lighting must be designed to 
give “emphasis” where it would be 
required at particular times, and since 
the ritual and services are widely varied 
throughout the day and the year, a 
degree of flexibility of effect is needed. 
Attention of the worshippers must be concentrated 
on either the nave altar or the high altar, or alter- 
natively to the pulpit. The light must be such as 
to render the facial expression and lip movement of 
the preacher distinct. This is Lighting Function, and 
its requirements are easy to comprehend and com- 
paratively easy to attain in practice. The second of the 
aims is Architectural Function, and here the more 
difficult problem lies, both in the decision as to what 
should be done, and finally how to do it. 

In dealing with a new structure, an architect should 
be at liberty to create any pattern of light and shade, 
modelling or texture, which will achieve a desired 
formal appearance. This may or may not be related to 
its appearance under daylight conditions. The 
problem is entirely different in a building nearly 
1 000 years old. The architect and the lighting engineer 
cannot presume to know what the medieval architect 
would have done had modern artificial lighting tech- 
niques been known to him, since there were no such 
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Fig. 7.—Diagram showing design for lighting the nave. 


Key: Lighting of nave. A: projectors in N. Triforium lighting half 

floor, cut off at base of columns; square on; repeated each bay. 

B: projectors in S. Triforium lighting half floor and N. Arcade, one 

bay to east; repeated each bay. E: projectors in clerestory lighting 

nave altar, screen and organ. F: projectors on screen lighting 
nave vault. 








146 G.E.C. JOURNAL AUTUMN, 1959 






cr. 


Ss 
! 


wf 
TRANS EPT 










; N. AISLE 9 


4 
c 
oeeeete on 
- Y a 3 


. 


Lady CHAPEL 4 | 


¥, ' ‘ 


| 
“ $. AISLE ll AMBULATORY 






= = 
a 
oF 





Fig. 8.—Cathedral plan showing disposition of light sources. 


LOCATION LIGHTING LOCATION LIGHTING 
- SOUTH TRANSEPT 
A. N. Triforium S. Seating ; repeated each bay NN. Gallery E wall 
B. S. Triforium N. Seating and N. arcade; re- O. Triforium W wall 
peated each bay P, Gallery vault 
Cc Capitals, N. columns N. a and floor; repeated (not shown) gallery floor 
each bay 
D Capitals, S. wall S. arcade and floor; repeated NORTH TRANSEPT 
each bay Stalls E wall 
E S. Clerestory Nave and altar screen and organ R. Stalls vault 
F. Screen vault $. Triforium floor 
CHOIR AND PRESBYTERY gd Triforias ae Pee 
G. S. Triforium N. wall; repeated each bay : Pe ee those 
HH. N and $ Triforium floor; repeated each bay U. S. Transept gallery Altar and reredos 
J. S. Triforium crossing, north wall AMBULATORY AND CHAPELS 
K. S. Triforium altar and reredos (not shown) 
L. Transept triforium organ 
M.  Feretory wall vault 

















Fig. 10.—Diagram showing design for lighting the presbytery. 


Key: Lighting of Choir and Presbytery. G: projectors in S. 
Triforium lighting N wall, one bay to west; repeated each bay. 
HH: reflectors in N and S Triforia lighting floor opposite; repeated 
each bay. K: projectors in S.Triforium lighting altar and reredos. 
Fig. 9.—Ritual choir artificially lit. X: desk lights on choir stalls. 
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Fig. 12.—Choir and presbytery in daylight. 


Fig. 13 and 14.—Appearance of the Lady Chapel in daylight (left) and artificial light (right). 
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thoughts at that time. If there had been we can assume 
that the form of the building would have taken it into 
account. Since this is no basis upon which to work, 
one is left with two possibilities : first to relight the 
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Fig. 15.—The High Altar artificially lit as seen from the choir. 


building using a candle source, all that was available 
to the medieval architect (perhaps for practical reasons 
using electric power), or alternatively to relight the 
building in a manner that takes note of the daylight 
pattern and the three-dimensional modelling we 
associate with the daylight form of the Cathedral. 
There are some notable examples of the former 
approach, including King’s College Chapel, Cam- 
bridge, and the effect of evening services under such 
conditions is generally agreed to assist in heightening 
the drama of a religious service, but it leaves the 
architecture to take care of itself. The latter approach 
offers a challenge to the ingenuity of the lighting 
engineer, but it does give a clue to the question of 
“* what to do ” : it is a firm basis for design. The latter 
approach has been in the main followed by Waldram 
using a system of concealed lighting, and the extent of 
the success of this approach can be seen from the 
illustrations. Apart from a certain theoretical validity, 
this method has a number of practical advantages. It 
obviates the necessity to provide “ lighting fittings ” 
of a decorative nature, so often disastrously applied 
to church architecture of past periods. These are 
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expensive to produce, difficult to support, and virtually 
impossible to design. The incongruity of this type of 
fitting is generally only matched by its inefficiency. 
The lighting equipment can be concealed and may be 
of an elementary nature, consisting only of a light 
source with a reflector behind it, and any necessary 
optical control in front in the form of louvres, spreader 
glasses and spill rings. It can be designed for high 
efficiency (a not unimportant factor in a cathedral 
budget).* The expense of both the lighting equip- 
ment and electrical installation will be minimal, and 
the defacement to the fabric of the Cathedral will be 
negligible. 

This approach is not without its difficulties, the 
most important, perhaps, being what aspects of the 
daylight appearance should be retained, since the 


Fig. 16.—The High Altar as seen from the ambulatory. 


appearance of such a building during the day, during 
the month, during the year, is a constantly changing 
phenomenon. The other chief difficulty is where to 
locate the lighting equipment, where the light sources 
may be concealed, trained efficiently and effectively, 
and where they will cause neither glare to the congre- 
gation and clergy nor distracting light patterns in the 
architecture. 

These, then, were the stated aims of the designer : to 
assist religious worship, in a functional sense, in a 
building which is in constant use ; and to reveal the 
architecture coherently to a pattern determined largely 
by the daylit appearance of the building, by efficient 
sources concealed in the structure. 


DESIGN PROCEDURE. 

It is usual with buildings of antiquity to light by 
“experiment”, since the building exists and actual 
effects may be inspected and approved or modified. 
This, however, is both time-consuming and wasteful, 
since temporary electric wiring must be taken to many 


* It is estimated that the price of electric power for lighting the most 
elaborate Cathedral occasion is only 10s. for the whole service. 





RELIGHTING OF GLOUCESTER CATHEDRAL 149 


points not all of which will be subsequently incor- 
porated in the design. It is claimed that the “ designed 
appearance ” method obviates the need for experiment 
since the effect itself, once agreed by all concerned in 
light and shade perspective drawing, can be arrived at 
by calculation fairly exactly. The necessary lighting 
equipment designed and installed requires only a 
certain measure of subsequent adjustment. 

At Gloucester, preliminary investigations were 
made as early as June, 1955, first of all from available 
publications and guide books, and subsequently by 
making an extensive photographic record of the daylit 
appearance of the spaces, possible locations for equip- 
ment and the view of the interior “ seen” from such 
locations (figs. 1 and 2). After visits to Durham and 
Salisbury it was possible to prepare a preliminary 
report in September making a judgment of the 
brightness of important related surfaces, with an 
estimate of how this could be achieved. Illustrations 
3 and 4 indicate Waldram’s original light and shade 
sketches. After the general approach had been agreed 


Fig. 17.—View from nave to north transept in daylight. 


by the Cathedral Architect, Col. Waller, F.R.I.B.A., 
and the Dean, the Very Rev. Seiriol Evans, it was a 
matter of only three weeks until in October a pre- 
liminary schedule of lighting equipment, location, and 
necessary wiring was available, a very considerable 
achievement in a building of such significance and 
scale. 


This report enabled the electrical contractors to 
prepare a fairly accurate estimate of the total cost of 
the lighting scheme, both as regards capital outlay on 
light fittings, and electrical installation, lengths of 
cable, etc., and on the running costs of electric supply. 
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Fig. 18.—View from nave to north transept in artificial light. 


It was found that the total wattage of the scheme, 
40 kW, did not exceed that of the original installation 
of fifty years before, in fact, the energy consumed in 
the nave is less than half that consumed by the old 
bare lamps. 

After this had been agreed detailed calculations were 
required, using the polar diagrams of the reflectors to 
be employed, dnd a revised specification was prepared 
giving in considerable detail the rating and type of 
light source, the nature of reflector and orientation, 
and details of any necessary optical controls. This 
required considerable work, some of which necessitated 
laboratory experiment, and the final specification was 
issued in February, 1956. The installation was com- 
pleted two years later, the entire work being carried 
out by two electricians, and was dedicated in April of 
1958. 


THE LIGHTING SCHEME. 

Since the sun travels from east, through south to 
west, the general flow of daylight is from the great east 
window (the largest in England and the size of a 
tennis court) in the early morning, the south windows 
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of the nave during the day, and from the west window 
in the late afternoon. There is, therefore, a general 
“ drift ” of light from the south side of the Cathedral 
to the north, the south side columns being more or less 
brightly lit. The artificial lighting scheme sets out to 
approximate this general effect. 





Fig. 19.—Lighting equipment in the choir triforium. 


The appearance of the nave can be seen in fig. 5 and 
6. If these are compared, it can be seen that the day- 
light form of columns and mouldings is faithfully 
reproduced under artificial conditions. Sketch 7 
indicates the nature of the design. Light sources are 
placed in the triforium, those on the 
south side lighting half the floor area 
(a lighting function : light for reading) 
and the north arcade as high as the 
triforium (architectural function : light 
for modelling); and those on the 
north side lighting half the floor area 
only, with a cut-off at the base of the 
columns, so that the south arcade 
remains in comparative shadow. It 
can be seen from the plan (fig. 8) that 
the light sources on the south side are 
directed one half bay eastward, those 
on the opposite side being directed 
straight across. It had been hoped to 
be able to project half a bay westward, 
since this gives rather better modelling 
characteristics, the column being seen 
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“up-light”, but this was not possible in the nave due 
to unacceptable glare. 

The nave altar is lit by a number of projectors 
mounted in the south clerestory, since the necessary 
angles could not be obtained from the triforium level. 
The nave altar and screen are well illuminated, and 
the covering to the altar in a rich red colour is particu- 
larly striking. 

The organ loft is better illuminated than in daylight, 
and the seventeenth-century organ case might better 
have been left in shadow to act as a silhouette to the 
more brightly lit choir. 

It has been found impossible to shield completely 
the lighting equipment in the triforium, and this is a 
weakness in execution, for although the artificial 
sources to some extent replace the brightness of the 
window openings in daylight, and they are high 
enough up not to cause appreciable glare, they do 
distract one from the architectural unity of the space, 
from some points of view. 

The choir consists of two spaces, the ritual choir 
situated below the great tower at the apex of the 
transepts and the presbytery to the east, with the high 
altar and the great east window beyond. The problem 
of the ritual choir, where small services are performed, 
is rather specialized, and it was felt that a different 
solution was called for. The solution adopted has 
been to place small wrought iron desk standards at 
low level with individual lamp shades lighting the 
choir stalls. The effect is similar to that obtained by 
candle light, and gives an air of intimacy to this area of 
the Cathedral which is lacking elsewhere. The walls 
are lit in the same general manner as the nave. The 
appearance of the ritual choir is shown in illustration 9 
taken from the presbytery at night. The logic for 
this approach has been already discussed, and the 
effect fully justifies the means, more particularly when 
the remainder of the Cathedral is relatively dark. 

The method of lighting the presbytery is indicated 
in sketch 10 and follows closely the lines of the nave : 
a drift of light from south to north, the light sources 
being placed in the triforium. It can be seen from the 
plan that it was possible to locate the projectors in the 
south triforium to flood the opposite wall panel to 





Fig. 20.—Typical lighting units. 
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their west, giving the preferred “ up ” light orienta- 
tion. The lighting of the floor of the choir comes 
from both sides in a symmetrical arrangement, the 
light being cut off at the wall. Illustrations 11 and 12 
show the choir and presbytery in artificial light and 
daylight, and the chief fault in the installation is im- 
mediately apparent, the overbright triforium. This is, 
in fact, emphasized by the placing of strip lights which 


delicacy, so that although its architectural detail is 
now clearly visible for the first time after dark, it 
never dominates the religious function. 

eo > 


OTHER AREAS. 

The Lady Chapel situated behind the east window 
presented a rather more difficult problem, for although 
the aims of the designer were the same, the means, in 





Fig. 21.—The early experimental ‘‘ fan vaulting ”’ 


illuminate the arch. The motives in my view are 
entirely admirable, but in execution it has apparently 
proved impossible to do a proper job of “ conceal- 
ment ”’, and because of this a feature of the building is 
given undue emphasis, an emphasis which “ com- 
petes”” with the focus of attention upon the right 
place, the high altar, and conflicts with the upward 
sweep of the main columns architecturally. The 
altar is, in fact, well illuminated by a group of pro- 
jectors in the south triforium, consistent with the 
general approach. A particular feature of the lighting 
of the choir is the lighting of the choir_vault, a fine 
example of perpendicular “lierne vaulting” and 
generally rather difficult to discern in daylight due to 
the glare from the great east window, when looked at 
from the west. The vault has been lighted with great 


in the cloisters at Gloucester epitomizes the 
gentle modelling of the natural lighting. 


the form of locations for the lighting equipment, were 
lacking. Most of the light sources had to be located 
at the rear of the chapel, which meant that the angle 
of view is similar to the direction of the source, 
tending to flatten out the perpendicular detailing 
(figs. 13 and 14). The whole effect is rather dark but 
in this chapel, as in the choir, it has been possible with 
artificial sources to create a far greater degree of 
emphasis upon the altar than is possible during the 
day, when the altar is seen against the brightness of 
east windows. This is clearly indicated in illustrations 
15 and 16 of the high altar ; the first as seen from the 
choir, and the second a dramatic glimpse from the 
ambulatory. In this sense the dramatic nature of the 
religious function is well served. 

It is impossible in this review to deal with all the 
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smaller areas, and it suffices to say that in all cases the 
main thesis has been consistently applied, in some 
cases with great success, as in the views into the north 
transept (figs. 17 and 18) where a very close approxi- 
mation of the daylight impression has been achieved ; 
in others the difficulties of location have proved 
insurmountable, and both the fittings and the bright- 
ness pattern are obtrusive: the south transept is a 
particular case. 


LIGHTING EQUIPMENT. 

Illustrations 19 and 20 show the main lighting 
equipment used, in position in the choir triforium, and 
the simplicity and ease of maintenance is well demon- 
strated. A special design of reflector is used with 
150 and 200 watt GLS lamps, which can be removed 
for cleaning, or lamp replacement, leaving the optical 
control in position, both can then be reclamped into 
position without in any way disturbing the careful 
settings upon which the success of the lighting scheme 
depends. 
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In some locations, such as the north aisle, there was 
insufficient room to conceal this type of equipment, 
and in this case 75 watt reflector lamps have been 
used. 

Unquestionably, the lighting design at Gloucester 
is a very great achievement, and a step forward in this 
field, where “ sensitivity” is rare, and certainly from 
a practical point of view the advantages of “ designed 
appearance lighting ” have been established. There is 
a danger, however, in attributing to a “ method of 
design ” an undue importance. It is not the method, 
but the designer that matters. If this method assists 
Mr. Waldram to predict his results with accuracy, then 
it is a useful tool, but it must be emphasized that no 
tool is more valuable than the person who uses it, 
and that the method in the wrong hands could have 
achieved disastrous results. The importance lies in 
the design aims, and it is a pleasure to record that 
Mr. Waldram, in association with the architect and 
the Dean, reached such sound conclusions, and that 
the aims have been in the most part achieved. 





GAS CIRCULATORS FOR HUNTERSTON 


Two of the 2 354 h.p., | 040 rev/min, | 230 

volt d.c. double-armature motors for main 

gas circulation at Hunterston Power Station, 

erected for test at the Witton Engineering 
Works. 
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Private Automatic 


Telephone Exchange for 10 Lines 


By R. B. WILSON and R. B. ROGERS, Telecommunications Group, Coventry. 


OR more than two dec- 
ades the G.E.C. 10-line 
“All relay” Private 

Automatic Exchange (P.A.X.) 
has been extremely popular tions. 
with customers all over the 
world, and the demand for 
these small exchanges has 
far exceeded expectations. 
Owing to the low operating voltage of 8-12 V d.c. and 
other factors, certain disadvantages were prevalent. 
These were the limited extension line range (20 ohm 
loop maximum), the use of non-standard telephone 
instruments with special d.c. ringers, and a 3-wire 
connexion to each extension instrument. Consequently 
a new exchange employing well-proven operational 
principles has been developed to eliminate the dis- 
advantages of the earlier “all relay” system. This 
new 10-line Private Automatic Exchange uses 2 
uniselectors and 6 relays with a built-in all-mains 
power unit. 


FACILITIES. 

Some of the facilities offered by the new exchange 
are : 

(?) It is completely automatic and self-contained. 

i) Secret communication between up to ten 

extensions can be obtained by dialling a single 
digit. 

(2) A two-wire line connexion is used. 

iv) Line range of up to 300 ohms loop resistance 

is provided. (Wire-to-wire insulation resist- 

ance must be greater than 130 000 ohms.) 

Standard telephone instruments and dials are 

used. 

vt) Only one connecting link is employed. 

(vit) Executive right-of-way (priority) is provided 
for one extension only, to enable the busy 
executive to break-in to an alrezdy established 
connexion. He may thus make use of the 
connecting link after instructing the other 
users to replace their handsets. The execu- 
tive’s telephone instrument is fitted with a 
pressbutton for this purpose, and two extra 
wires are required for this extension line 
connexion. 

(vit) The built-in power unit is designed for 


a 


This completely automatic exchange has 
been designed for small organizations or for 
use as a separate auxiliary system to the 
main telephone network in larger organiza- 
It provides secret communication 
between ten extensions using well-proven 
operational principles. 


operation from a 100-110 V 
or 200-250 V, 50-60 c/s 
single-phase a.c. supply, is 
compensated against +-6 per 
cent mains fluctuation and is 
adequately protected by 
fuses. A fully-smoothed out- 
put at 50 V d.c. is delivered 
to provide a noise-free cur- 
rent for the speech circuit, and to operate the switching 
apparatus. A separate winding on the mains trans- 
former provides the ringing signal. 

During an extensive field trial held at the G.E.C. 
Telephone Works in Coventry, a prototype unit was 
instzlled to test the adequacy of the single connecting 
link. The offices of the ten executives who required to 
keep in touch regularly were connected, and strict 
records made. It was found that the connecting link 
was engaged only once out of a tot2l of seventy-two 
cells made, and that this busy condition very soon 
cleared. Incidentally, when the field trial was comple- 
ted the ten executives refused to give up the service 
provided by the prototype exchange, and are still 
using it constantly. 


CONSTRUCTION. 

Two important considerations in the design of the 
new equipment were that the unit had to be produced 
at very low cost, and the exchanges would probably 
be installed and maintained by people whose experience 
of telephone equipment would be extremely limited or 
even non-existent. Accordingly, the accent had to be 
simplicity. It was decided, therefore, to simulate the 
simplified “‘ bread-board ” type of construction known 
to the constructors of wireless sets in the early days of 
broadcasting. This type of construction would keep 
tooling down to a minimum, thus reducing costs. 

The unit is designed for wall-mounting, and all the 
components are mounted on a steel base with draw-off 
cover, as shown in fig. 1. All the external connexions 
are by screw-type terminals, so that it is possible to 
install the unit using only a pen-knife and a screw- 
driver. The relay and uniselector mountings are 
hinged to give access to the wiring. A 3-core flexible 
lead is provided for connexion to a suitable mains power 
point. The unit measures 12} in x 24 in 73 in and 
weighs approximately 38 Ib. 








154 G.E.C. JOURNAL 





Fig. |.—10-line uniselector P.A.X. equipment. 


APPLICATION. 

The new P.A.X. is ideally suited to small organiza- 
tions where the maximum number of extensions is 
never likely to exceed ten. 

For the larger organizations a number of these 
exchanges could be used to provide small separate 
auxiliary systems to the main telephone network. 
Another application is where a person raising a query 
on the main network may be asked to hold on while 
the answer is being sought using the auxiliary system. 

The distinctive ringing signal of the new 10-line 
P.A.X. can never be confused with the signal of a 
larger exchange, making it possible to place the tele- 
phones of both main and auxiliary systems side by 
side on the desk. 


OPERATION. 
LINK LINEFINDER HUNTING. 

As shown in fig. 2, lifting the exten- 
sion telephone handset causes the 
positive potential at resistor Rl to be 


connected via the telephone switchhook FX TENSIon 
springs to relay CD, through resistor SWITCH P 
R2, linefinder bank and wiper LF3, and HOOK | 


linefinder magnet interrupters LFdm. 
The operation of relay CD energizes the ~ 
linefinder magnet, so opening the line- 
finder interrupter springs. These dis- 
connect relay CD, which, on releasing, 
de-energizes the linefinder magnet, the 
linefinder then taking one step. When 
the linefinder has completed this step its 
interrupters close, reoperating relay 
CD to the positive potential connected 
to linefinder bank LF3. The reopera- 
tion of relay CD causes the linefinder 
magnet to be energized for a second time, 
again disconnecting relay CD and then 
taking a further step. This interaction 
between the linefinder magnet and relay 
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CD causes the linefinder wipers to be 
rotated round their banks. This 
rotation constitutes linefinder hunting. 


CALLING EXTENSION TELEPHONE FOUND. 

The purpose of this linefinder hunt- 
ing is to associate the common ex- 
change equipment with the calling 
extension telephone. Relay A is 
connected to the linefinder wipers, so 
that it operates, via the extension 
telephone switchhook springs, when 
wipers LF 1 and LF2 arrive on the out- 
lets associated with the calling tele- 
phone. The sequence is such that the 
operation of relay A occurs immedi- 
ately the LF1 and LF2 wipers arrive 
on the particular outlet, before relay 
CD has a chance to reoperate as part 
of the hunting sequence. In this way 
further stepping of the linefinder is 
prevented, the result being that the linefinder has 
searched for, found and stopped on the outlets asso- 
ciated with the calling extension. 
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DIALLING TONE RETURNED TO CALLING EXTENSION. 

The operation of relay A, fig. 3, causes relay B to 
operate, so connecting a low-voltage alternating 
current at mains frequency to the telephone. This is 
fed via relay F, contacts F and B and the network 
across these contacts, via the telephone to the positive 
at Rl. The metal rectifier in this path has been inserted 
to make the usual 50-60 cycle mains frequency more 
easily heard by the extension user. This tone indicates 
to the extension user that the link is available and 
ready to receive the dialled impulses. Absence of 
this tone on lifting the handset indicates that the 
common equipment is already in use. 


Me. ., LF 


as 


2-WIRE | —_ 
LINE — = + 
A 


—O---- a | 
: *., LF2 
RIS SR2 — —-— - - ame % 
> 4 LF2S 
3 > 
4 nen /co 
LI + 


LFdm 
+ LF3 


Fig. 2.—Link linefinder hunting. 
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DIALLING THE REQUIRED DicIt. 

During the period in which the telephone dial is 
returning to normal, the “ operate ” circuit for relay A 
(fig. 4.) is disconnected, and is subsequently recon- 
nected by the dial impulsing springs. As a result, 
relay A releases and reoperates a number of times 
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Fig. 3.—Dialling tone returned to calling extension. 


according to the digit dialled. The first time A is 
released, the final selector magnet FS is energized 
and held operated via one coil of relay CD when the 
final selector interrupters FSdm open. When relay 
A reoperates, signalling the end of the first 
impulse, the final selector magnet is de-energized 
and its wipers then take one step. In 
taking this step, the relay winding 
CD, which has been energized via the 


FS3 wiper and bank, is disconnected. EXTENSION | 
Relay CD does not release when the a 


FSdm springs close, due to the 
slugging effect of the short-circuit so ~ 
prodyced. Relay CD remains operated 

until relay A releases to the next 

impulse of the dialled digit, when the 

magnet of FS is re-energized. When 

this happens relay CD is re-energized. 

Relay B also remains operated during 

the operation and release of a contact 

of A2, again due to the slugging effect 

produced by the short-circuit. Hence 

the final selector is stepped to an out- 

let corresponding to the digit dialled, 

with relays B and CD remaining 

operated. 


RINGING THE REQUIRED EXTENSION. 

At the end of the dialled digit, relay 
A remains operated to the calling 
extension telephone loop, with the 
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result that relay CD eventually releases. The contacts 
of relay CD connect the interrupted ringing current 
to the called extension via the coil of relay F (fig. 5). 
A certain proportion of this interrupted current is fed 
back to the calling extension through the network 
across relay contact F. Relay F does not operate to 
this alternating current due to its 
heavy slugging. 

The interruptions for ringing cur- 
rent are produced by relay R. Its 
circuit is prepared as soon as the final 
selector wipers take the first impulsed 
-_ step to the dialled digit. When the 

positive is connected by bank FS3, 
° current flows in both windings of 
‘ relay R during the charging time of 
the electrolytic capacitor. Relay R 
4, does not operate under these condi- 
tions, because its two windings are 
wound in opposition to one another ; 
however, when the capacitor becomes 
& charged, the current in the associated 
relay winding is reduced, until eventu- 
ally relay R operates on the other 
winding. This, besides disconnecting 
the ringing supply from the called 
telephone, also disconnects its own 
“ operate ” circuit. Relay R does not 
release immediately, because the 
charged capacitor discharges through 
the two coils, which are connected in 
series assisting. When the capacitor has discharged, 
relay R will release, so connecting the ringing current 
to the telephone again, and also reconnecting its own 
“ reoperate ” circuit. In this way relay R continues 
to operate and release until either the called telephone 
answers or the caller clears. 
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Fig. 4.—Dialling the required digit. 
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on relay A (fig. 6). When relay B 
releases, a circuit is made via the FS3 
wiper and bank, to cause the final 
selector FS to rotate. This carries on 
until the first outlet is reached, when 
the driving-circuit is disconnected. 
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Fig. 5.—Ringing the required extension. 


CALLED EXTENSION ANSWERS. 


When the handset of the called 


| 





At this stage the positive contact at 
wiper FS3 is now passed, via wiper 
LF3 and banks, to operate relay CD, 
which, by interacting with the line- 
finder magnet, as described under 
linefinder hunting, causes the line- 
finder to return to normal. 


EXECUTIVE RIGHT-OF-WAY. 

As shown in fig. 7, this facility, 
which is often fitted on larger P.A.X’s, 
can be incorporated in this small 
exchange. The facility allows one 
preselected telephone instrument to 
break into an existing conversation to 
request the conversing parties to free 





extension is lifted to answer, the ith Bhi " 
capacitor and bell of the extension poet te , ie ~ 
telephone is replaced by a d.c. loop. ; | = f° 
This operates relay F, which dis- _ it am 
connects the ringing current and < EX . “ + 
connects a battery from relay A to A 
energize the extension transmitter. eruiuate a “ii 
Conversation may then take place. TELEPMONE EX/ .  LF2 
RELEASE OF THE CONNEXION. 
oe % PUSH 
The relay A is held by both calling BUTTON 
and called extension, hence release is > —_— 
not initiated until both parties have »_| EX 
replaced their handsets. When this = — 
happens, relay A releases, followed, + 
after a short delay, by relay B, LINES 
which is short-circuited by a contact 
Fig. 7.—Executive right-of-way. 
+ ?) ig, the link circuit for the use of the executive. As 
+ > urs already indicated under “ Dialling Tone Returned 
es to Caller”, absence of tone indicates to the 
\a BFsdm J LFam 16 h we Mgr oe sa iw Ae 
, executive that the common link circuit is already 
engaged. 
ac Ci mrs coco The executive’s telephone is fitted with a push- 
| — on button which, when pressed, causes relay EX to 
Zz operate, thus connecting the executive to the conver- 
‘ sing parties. After requesting them to clear the line, 
S _» > the executive releases the pushbutton, and can then 
o ifSC« originate a call in the normal way. Alternatively, 
“ he may break into the existing conversation if he 
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Fig. 6.—Called extension answers. 


recognizes that one of the parties is the person to whom 
he wishes to speak. 


Fish Factory Trawler 
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“Fairtry ID” 


By C. SMITH, A.M.1.£.£., M.I.Mar.E., Manager, Marine Department, 
and J. G. F. DERRINGTON, A.M.1.£.£., Engineering Group, Witton. 
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Fig. |.—Fish factory trawler ‘‘ Fairtry Il’’. 


5 AIRTRY II,” the first of two diesel-electric 
E- trawlers built by Wm. Simons & Co. Ltd. for 
Christian Salvesen & Co. of Leith, completed 
her trials on the Clyde during April and has since 
made a successful maiden voyage to the fishing grounds 
off Iceland and Newfoundland. The vessel is similar in 
principle to the large whale-factory ships which have 
operated for many years in the Antarctic, and is a 
combination of trawler and processing plant, with 
facilities for the packing, deep-freezing and refriger- 
ated storage of fish products. 

The ship is about three times the size of a con- 
ventional trawler, and is built with a stern ramp up 
which the catch is hauled before being discharged on to 
the factory deck below. In the factory the catch, after 
sorting, gutting and filleting, is weighed and packed in 
trays in 7-, 14- or 28-lb blocks. After quick-freezing, 
these blocks are cartoned and conveyed mechanically 
to the holds for storage. Special arrangements have 


been made to deal with halibut, which is frozen whole, 
and the factory includes equipment for the extraction 
of cod-liver oil and a plant for converting offal from 
the various machines into fish meal. 

In a fishing vessel of this type, which requires 
power for the trawl winch, processing plant and 
refrigerators as well as for propulsion, the power instal- 
lation is necessarily complex, and much thought has 
been devoted to combining simplicity of operation with 
reliability and fuel economy under all conditions of 
service. After considering the relative methods of 
various forms of drive, including single- and multi- 
unit diesel engines with controlled-pitch propellers and 
free-piston gasifiers with gas turbines, the multi-unit 
diesel-electric drive was eventually selected for the 
two ships. 

The G.E.C. was chosen as main contractor for the 
propulsion equipments, and in addition supplied 
much of the electrical plant and control gear for the 
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Fig. 2.—2 000 s.h.p. twin-armature main propulsion motor. 


processing section, details of which are given in 
Table 1. All the diesel engines for the ships were 


built by the Ruston Group. 


For this class of service, diesel-electric propulsion is 
particularly well suited. It affords maximum manceuv- 
rability and is very economical in running costs even 


when the vessel is cruising at 
low speeds, both factors of 
great importance when trawl- 
ing on the fishing grounds. 
Power is readily available 
for propulsion and for the 
trawl winch, while a high 
measure of stand-by power 
is available to meet emer- 
gency conditions. Control 
is very simple and however 
the control telegraphs are 
handled, there is little or no 
fear of damaging the plant. 


PROPULSION EQUIPMENT. 

The main driving motor, 
fig. 2, is a double-armature 
machine rated at 2 000 s.h.p. 
with a maximum speed of 
130 rev/min and is direct- 
coupled to the propeller 
shaft. The two armatures are 
connected in series and each 
has its own separate field 
windings which are excited 
from the ship’s 220 V supply. 

For cooling the motor, a 


AUTUMN, 1959 


Maxcess contra-rotating fan 
is provided. The fan has a 
capacity of 12000 ft*®/min 
and draws air over the two 
commutators and through 
each half of the motor. The 
air is discharged into the 
engine room through a duct 
connected between the two 
magnet frames, the warm air 
from the motor being cooled 
in the duct so that it does not 
produce a rise in engine 
room temperature. 

Each armature can be in- 
spected by removing the top 
half of its magnet frame, and 
the magnet frame can be 
jacked over on a sliding 
base to enable the bottom 
poles and coils to be removed. 

The forward end bearing is 
disc-lubricated and a Michell 
thrust block is fitted at the 
after-end. Heaters are pro- 
vided in the bottom half of 
each magnet frame to elimi- 
nate any risk of condensation 


when the motor is at rest. 
Speed control is very simple and is effected by vary- 


ing the voltage across the motor armatures, while the 


direction of rotation is changed by reversing the 
polarity of the supply. The motor is designed to run at 
all loads without sparking at the commutator brushes. 





Fig. 3.—The three | 340 h.p. diesel-generator sets. 
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Fig. 4.—Simplified schematic diagram of propulsion equipment. 


Provision is made for emergency running of the 
motor with one armature only in circuit. For this 
purpose, links are provided in the terminal boxes so 
that the supply to either armature and to its field can be 
cut off. Further reference to this feature is made later. 

Power is supplied to the propulsion motor by three 
generators, each rated at 535 kW, 400 V and driven at 
435 rev/min by a Ruston & Hornsby five-cylinder 
diesel engine mark 5VOXZ, developing 1 340 h.p. 
Coupled in tandem with each main generator is a 
270 kW, 220 V auxiliary generator for the electrical 
supplies on the ship. These three diesel-generator 
sets are illustrated in fig. 3. Cooling of each generator 
is effected by a fan mounted on the generator shaft at 
the commutator end. Disc lubricated bearings are 
used throughout. 

As shown in fig. 4, the three main generators are 
connected in series, giving a total voltage of 1 200, 
i.e. 600 V across each of the two armatures of the 
propulsion motor. Two 11 kW motor-generators, 
fig. 5 (one serving as a standby), are installed for the 
excitation of the main generators, and are driven by 
18 h.p. motors connected to the 220 V ship’s supply. 
The generator of the exciter set has three fields : 
(1) a separately-excited field fed from the ship’s supply 
through reversing switches and regulators; (2) a 
differential compound field which is connected across 
a resistor in the armature circuit of the propulsion 
motor and (3) a self-excited field. Fig. 5.—I1 kW main exciter sets. 
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Fig. 6.—Hauling the trawl up the stern ramp. 


The differential compound field has the effect of 
producing a distinct droop in the output characteristics 
of the main generators and exciter so that the plant is 
to a large extent self-protecting against possible over- 
loading which might arise from too rapid operation of 
the speed control regulators. 

The output voltage and polarity of the main genera- 
tors are changed by varying the excitation of the 
separately excited field of the exciter set or by 
reversing its polarity. Any change in the 
voltage or polarity of the main generators 
results in a corresponding change in the speed 
or in the direction of rotation of the main 
propulsion motor. When the vessel is pro- 
ceeding at its maximum speed all three genera- 
tors are required to supply the propulsion 
motor, but when in the fishing grounds, any 
one of the three main generators can be 
isolated from the propulsion motor and used to 
supply power to the trawl winch. Power is then 
supplied to the propulsion motor by one or 
both of the remaining generators, at a cor- 
respondingly lower voltage. The speed at 
which the generators can be cut in or out of 
circuit is such that the new power conditions 
are introduced without the ship losing way. 

Since the speed of the motor at constant 
excitation follows closely the voltage across its 
armature, cutting out one of the generators so 
reduces the propeller speed that the cor- 
respondingly large drop in the power demand 
of the propeller would result in very unecono- 
mical loading of the generators if means were 
not provided for increasing the motor speed. 
Therefore, arrangements are made whereby 
the operation of any of the main generator 
isolators also inserts a resistor in the main 
motor field. The resultant weakening of the 
field causes the motor speed to rise, and the load 
imposed by the propeller is thus increased to a 
value which restores economical loading of the 
generators. 
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When supplying the trawl motor, the 
generator is excited by a 3 kW motor-generator 
and its output is reduced to 250 kW at 220 V. 
The trawl winch is fitted with two barrels, 
which can be clutched as necessary for inde- 
pendent driving or driven together at the same 
speed. As previously mentioned, the nets on 
the “ Fairtry II” are hauled through a tunnel or 
ramp in the stern of the ship instead of the con- 
ventional arrangement in which the trawl 
warps are led from the winch over the ship’s 
side, using two sheaves suspended from “ gal- 
lows” fore and aft. The new arrangement, 
which is shown in fig. 6, confers obvious 
advantages in handling, particularly when 
drawing nets inboard in heavy weather. 


CONTROL EQUIPMENT. 

The isolating switches and by-pass switches 
for the three main generators, resistors for the 
propulsion motor fields, engine underspeed and 
overload relays, field discharge resistors and speed 
control equipment are housed in a four-cubicle sheet 
steel switchboard in the engine room (fig. 7). 

Each generator isolator is provided with a solenoid- 
operated mechanical interlock so that it cannot be 
opened or closed unless the master controller is first 
set in the “ off” position. 





Fig. 7.—Engine-room switchboard. 


FISH FACTORY TRAWLER “ FAIRTRY II” 161 


The field discharge resistors are 
of silicon carbide, a material with 
a non-linear characteristic. Its 
high resistance at the normal 
voltage rapidly falls as the voltage 
increases, so that when the field 
circuit is broken an appreciable 
discharge current is allowed to 
flow through the resistor im- 
mediately the voltage starts to 
rise. Any risk of an excessive 
voltage across the field is thus 
prevented, and at the same time 
the losses in the discharge re- 
sistor are minimized during nor- 
mal running. 

For controlling the trawler, 
three combined telegraph /speed 
control units are provided. Two 
of these are mounted on the 
navigating bridge, fig. 8, and are 
mechanically coupled ; the third 
is located aft to simplify man- 
ceuvring when shooting or hauling 
the nets. The control equipment 
operates through pneumatic gear 
and is fully interlocked. The 
compressed air supply is derived 
from the starting-air bottles of 
the diesel engines. 

Operation of any one of the 
three control units causes the 
telegraph pointers of the other 














two to move to the same position, Fig. 8.—Navigating bridge of ‘‘ Fairtry Il’’. 
TABLE 1. 
Auxiliary Drives. 

No. of Motors H.P. Rating Voltage Speed Drive 
2 63 220 d.c. 1 500 40 kW aux. alternators 
1 35 - 1 450 Briton grinder 
1 25 - 1 450 Hacking machine 
I 20 - 1 482 60* Rotadisc drier 
2 18 = 1 500° Main exciter sets 
2 15 - 1 450 Hydraulic pumps 
1 15 1 450 De-sludger 
y 12°5 99 860 Air compressors 
1 10 - 1 600 400% Twin screw press 
2 6 % 1 500 Trawl winch exciter sets 
| 5°25 . 1 466 200* Screw conveyor 
1 5 ” 1 200 Indirect cooker 
| 3-7 - 1 560 39* Carton conveyor 
l 3°4 % 1 450 200" Screw conveyor 
| +2 - 1 467 60* Cooker conveyor 
2 3 380 a.c. 1 430 Elevator washer 
l 3 220 d.c. 1 200 Screw conveyor 
1 3 ” 1 450 Exhaust fan 
I 255 ‘“ 1 420 Liver oil plant 
1 2-2 ” 1 464 20* Fish bin stirrer 
4 2 = 720 38-8* Glazing machines 
] 1-5 - 1 250 Brine pump 
6 1 - 1 450 Centrifugal pumps 











* Geared reduction drive. 
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Fig. 9.—Diesel-generator set for use in port. 


giving visual indication of conditions under which the 
propulsion motor is running. Before the control can be 
transferred from the navigating bridge to the aft unit, 
the telegraph handle must be moved to cor- 
respond with the position of the indicator. The 
pneumatic interlock button may then be 
pressed and this automatically transfers the 
control to the new station. 

Control can also be effected from the engine 
room, but in general this is used only in an 
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only one generator in service, direct bridge 
control can be used in safety as the voltage 
across the motor armature cannot exceed 
400 V. 

If a greater speed is essential, two generators 
can be used, but care must be taken in operat- 
ing the speed-control equipment to ensure that 
the rated full-load current of the motor is not 
exceeded, because the two generators together 
are capable of imposing 800 V across the motor 
armature. Since the current-reading instru- 
ments are located only in the engine room, 
control from the engine room would be prefer- 
able, using the bridge control as telegraphs. 


GENERAL POWER SUPPLIES. 


In addition to the main propulsion and 
auxiliary generators a 110 kW, 220 V generator 
(fig. 9) is installed to provide power when the 
ship is in dock. This generator is driven at 
1 250 rev/min by a 162 b.h.p. four-cylinder 
mark 4RPHZ Paxman diesel engine. Com- 
pressed air supplies are obtained from two compressors 
driven by 12 h.p. motors. An emergency compressor 
is also provided and is driven by a Ruston Mark 7BZ 





emergency. When the ship is controlled from 
the engine room, the bridge control units 
serve only as a straightforward telegraph to 
communicate orders to the engine room and 
cannot be used for the direct control of the 
vessel. 


EMERGENCY OPERATION. 

Mention has already been made of the 
possibility of running the main propulsion 
motor on one armature only. It will be appreci- 
ated that this is possible only if there is no 
mechanical fault which would interfere with 
the running of the motor. Should an electrical 
fault occur, the defective armature and its 
field must be isolated from the supply by means 
of the links provided in the terminal box, and 
the remaining armature supplied from one or 
two of the main generators. 

Under such emergency conditions, isolation of one 
or more of the generators does not introduce the 
resistors in the motor field, because the rearrangement 
of the links in the motor terminal box brings a field 
contactor into the circuit which closes and so main- 
tains the motor field at its full strength. 

The most economical and satisfactory way of 
running under such conditions is to use only one 
generator, which will give sufficient power to drive 
the propeller at about two-thirds full speed. With 





< 


Fig. 10.—Motor-alternator sets and starters. 


diesel engine rated at 4h.p. As certain of the motors 
driving the processing plant are a.c. machines, the 
power plant of the ship includes two 40 kW motor- 
alternator sets generating at 380/400 V (fig. 10). 
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Principles and Applications 


of a Control System Simulator 


By K. C. PARTON, B.sc.(Hons.), A.M.I.E.E., and 
D. R. ROBERTS, B.sc.(Hons.), Engineering Group, Witton. 


INTRODUCTION. 

ITH the growing complexity and higher per- 
formance requirements of all forms of control 
systems, it is becoming essential to have 

reliable predictions of transient performance during 
the design stage, and in many cases to include these 
in tenders. These transient 
calculations are generally impos- 
sible to solve arithmetically, and 
electronic analogue computers 
are now being used extensively 
for this purpose. 

The characteristics of a com- 
puter designed to meet the 
requirements of a heavy en- 
gineering works can be listed as 
follows : 

(7) It should be very flexible 

in order to simulate a 
wide variety of problems 
and control system 
components. 

(7) It should be simple and 
easy to set up. 

(iit) It should be reasonably 
easy for the control 
scheme engineer to 
understand the simula- 
tion, in order to make 

.alterations as required 
and to make stepless 
adjustments to many 
variables. 

(iv) Non-linear components 
and practical limiting 
restrictions should be 
capable of being added 
quickly at any point. 

(v) For the design of many 
high-gain circuits, a very high accuracy and 
freedom from “ noise ” is necessary. 

These design requirements are to some extent 
conflicting, as, in general, simplicity of operation can 
only be achieved at the expense of versatility. 

An electronic analogue computer which appears to 
be the best compromise, has been installed in the 
Witton Engineering Works, and is illustrated in fig. 1. 


Ve 


Details of this machine and examples of its applications 
are given in the following sections. 


PRINCIPLES. 


The basic unit of the simulator is a drift-corrected 
d.c. amplifier with an open loop gain (i.e. without 





Fig. |.—The electronic analogue computer. 


external feedback) sufficiently large for it to be con- 
sidered as infinite for all practical purposes. The 
amplifier must also have a very high input impedance. 
Amplifiers of this type can be used only with an 
external feedback from the output to the input 
terminals. Under these conditions the input, or 
“summing junction”’, of the amplifier can be regarded 
as a virtual earth, as the smallest departure from 
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earth potential would cause a very large voltage to 
appear at the output terminals. This voltage would 
be fed back in the opposite sense to the error and 
would force the summing junction instantaneously 
back to earth potential. The gain and transfer func- 
tion of any combination of resistive or reactive 
elements with the d.c. amplifier may be derived easily 
by regarding the summing junction as a virtual earth 
at all instants of time. The general case is given in 
fig. 2 with the most common specific examples ; in 
each case the conventional line diagram of the circuit 
and the associated transfer function is given. 

Since all the circuit elements employed in the 
examples are linear, the simulations may be used to 
solve linear differential equations only. These are 
only of limited use to the control engineer since very 
few practical control schemes can be thought even to 
approximate to a linear system. The most important 
non-linearity in this respect is the limitation of output 
due to saturation of magnetic fields, operating range 
of valves, etc. Non-linear elements of these and 
other types in the servosimulator circuit are normally 
obtained by the incorporation of biased rectifiers into 
the basic circuits previously described, and fig. 3(a) 
gives the line diagram and the transfer characteristic 
for a circuit to give an approximation to a saturation 
curve. To cover more complicated non-linearities, a 
general non-linear unit is available which consists 
basically of twelve straight-line sections that can be 
put together to approximate to any given relationship 
between the input and output voltages. 

Another important type of non-linearity in control 
problems is the occurrence of second-order terms, 
such as the product of two variables. An example of 
this occurs when it is necessary to find the instant- 
aneous torque of a motor by taking the product of a 
variable armature current and a variable flux. 

To do this, the simulator also includes a mechanical 
servomultiplier, as shown in fig. 3(c). This consists of a 
self-balancing potentiometer bridge driven by a small 
high-torque motor so that the mechanical position of 
the potentiometer wiper always sets up a voltage 
equal to the input voltage V,. Five further potentio- 
meters on the shaft can have their full windings 
attached across any other variable voltages in the 
system, i.e. V,, so that the output voltage from the 
bridge becomes V,xV,. Due to the mechanical 
nature of the servomultiplier, high accuracy is lost if 
the motor has to follow signals faster than 5 cycles per 
second. This has to be taken into account when 
choosing the time scale of the simulator, but does not 
normally cause any difficulty when dealing with 
problems in heavy engineering. 


CONTROL. 


The solution of each problem is controlled from a 
central panel giving the following facilities : 


INITIAL CONDITIONS. 


With the simulator controls in the “ reset ” position 
the output voltage of each amplifier may be set to a 
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predetermined value, thus fixing all the initial condi- 
tions that apply at the start of the transient. 


TRANSFER FUNCTIONS 
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Fig. 2.—Typical linear simulator circuits. 


COMPUTE. 

This control initiates the computation and provides 
a step function input to the problem. The speed of the 
analogue solution can be made any multiple or fraction 
of its actual speed, but it is generally found most 
suitable to scale the problem for “ real time” so that 
the speed of the transient solution is the same as the 
rate at which the quantities would actually change in 
practice. 


PRINCIPLES AND APPLICATIONS OF A CONTROL SYSTEM SIMULATOR 


HOLp. 

This control “ freezes ” the solution at any required 
time during the transient period, enabling measure- 
ments to be taken or parameters to be changed. Upon 
again operating the “ compute ” control, the solution 
is continued from the point reached when the “ hold ” 
button was pressed. 


RESET. 

All amplifiers will be reset to their initial conditions 
by operation of this control. This enables each 
computation to commence with precisely the same 
initial conditions, so that the resulting solution will be 
reproducible. This facility is especially valuable when 
investigating problems at the limit of stability, since 
it permits problems having possible unstable solutions 
to be solved or repeated quickly as there is no need for 
the solution to settle down to a steady state. 


SETTING UP THE PROBLEM. 

The approach to any problem consists firstly in the 
preparation of the differential equations of the system 
in block diagram form on which all time constants, 
gains, non-linearities and any other special conditions 
are noted. Next a diagram giving the simulator set-up 
in terms of the d.c. amplifiers, and the values of the 
associated resistors and capacitors, is drawn out. The 
simulator can then be connected according to the 
set-up diagram and the problem is ready for solution. 
The preparation of the block diagram is the most 
difficult part of this procedure as it is at this stage that 
the actual gains of the various loops have to be ascer- 
tained and provision made for possible stabilizing 
loops, together with the indication of essential non- 
linearities. The transfer functions for the block diagram 
are usually well known, so that it is rarely necessary to 
obtain them from the differential equations developed 
from first principles. For example, consider the 
differential equations of a simple d.c. generator on 
open-circuit at constant speed w. 


Vy (rf 1 ly ° ply 


V, Kol; 
hence V, guiioee: I; 
14 Ty -p 


La and K & K’ 
Vf 


where 7;, the field time-constant, 


are machine parameters. 

This transfer function relating applied field voltage 
V to open-circuit armature voltage V, of the machine 
corresponds to that given in fig. 2(f). 

The next question to be considered is one of 
scaling. Owing to the amplification inherent in the 
term K’, a field voltage of a few volts could give an 
output voltage measured in kilovolts. It is rarely 
necessary or convenient to have such large gains at 
this one point in the circuit, since by using per-unit or 
per-centage values of some suitable base quantity, a 
much more convenient distribution of gains around the 
system can be obtained. It must be emphasized that 
this procedure is merely a redistribution of the gains 
around the loop, as the total gain around any loop in 
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the simulation must remain the same as that in the 
actual system. 

A further point to be borne in mind is that the 
sign of any quantity is automatically reversed when 
going through any amplifier. This must be remem- 
bered all the time when planning any closed-loop 
circuits. 


EXAMPLES OF USE. 
CAPACITOR CHARGING SYSTEM. 

This problem was a good example of the straight- 
forward use of the simulator in analysing the dynamic 
performance of a control system. 

Basically, the control equipment had to charge a 
large bank of capacitors cyclicly to an accurate pre-set 
voltage of up to 110 kV. The stored energy at this 
voltage was 100 000 joules, for use in thermonuclear 
fusion reaction experiments at Harwell. The scheme 
used was to utilize the constant-current characteristic 
of a large saturable reactor with fixed excitation, and 
finally to allow a control circuit to cut off the excitation 
of the reactor when the pre-set voltage was reached. 
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Fig. 3.—Typical non-linear simulator units. 
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The circuit diagram is shown in fig. 4 and the resultant 
servo block diagram in fig. 5. 

It will be seen that the control circuit consists of a 
chain of magnetic amplifiers regulated by a signal from 
the output voltage V, which controls the excitation of 
the main saturable reactor L,. For the greater part of 
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Fig. 4.—Capacitor charging circuit. 
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the charging cycle, the voltage error signal V,-V, is 
large, so that the first-stage magnetic amplifier MA1 
is saturated at full output, this giving the required 
constant excitation to L,. When V, approaches the 
called-for voltage V,, the error signal becomes smaller, 
until eventually MA1 becomes unsaturated so that the 
charging current 7, now drops, as it is proportional to 
V,—V,. Finally when V, becomes equal to V,, i, 
becomes zero and no further charging occurs. 

From investigations on the simulator, it was found 
that a high gain of the control circuit loop could be 
employed, provided that a suitable feedback signal Ky 
was included. Values of Ky for various values of gain 
were determined in order to obtain the optimum 
charging performance. The simulator circuit used is 
shown in fig. 6 and some typical transient solutions in 
fig. 7. 


SPEED CONTROL OF D.C. MOTORS. 
The analogue computer proved invaluable in 
analysing a control scheme where the fine 
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and/or the rate-of-change of booster output voltage. 

Both of these feedback circuits are shown in the 

schematic of the system, fig. 8. The motor to be 

controlled is shown with constant voltages applied 
respectively to the armature, a series connexion of the 
field, the speed regulating resistors, and the booster 

generator. The booster field is energized from a 

magnetic amplifier with the following inputs : 
speed reference, reset voltage from a tachometer 
generator coupled to the main motor, and two 
feedback signals. A current-transformer with 
the motor field current and field voltage as 
differential inputs provides a feedback signal 
proportional to rate-of-change of motor field 
current, while an auxiliary coil wound on the 
booster poles provides a feedback signal 
proportional to the rate-of-change of booster 
output voltage. 

When representing this system on the 
analogue computer the following simplifi- 
cations were made : 

1. The magnetic amplifier was assumed 
to be adequately represented by one 
simple time-delay element. 

2. The booster output voltage was assumed 
to vary linearly up to saturation, and then to 
cut off. 

3. Saturation in the main motor was accounted for 
approximately by using the slope of the magnetiz- 
ing curve at each operating point when calculating 
voltage and torque constants and inductances. 

4. By considering only the changes occurring in all 
the variables, it was not necessary to provide for 
the constant supply voltages on the motor 
armature and field circuits and the magnetic 
amplifier reference voltage. Also this provided a 
means of dealing simply with the product of 
variables which occur twice in the systein. 

For example, the motor back-e.m.f. is given by : 

V=K,N® 

where N is the speed, ® the stator flux and K, a 

constant of the machine. If, however, the changes in 
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speed control of d.c. motors was to be obtained 
by controlling the output voltage of a booster- 
generator included in the motor field supply 
circuit. The particular problem considered was 
the speed control, and speed matching, of 
several drives in a merchant mill, the powers 
ranging from 150 h.p. to 800h.p. As the ingot 
enters the rolls, recovery times of the order of 
0-5 sec were required, with a steady-state 
speed error of not more than 0-25 per cent. 
The main problem in _ obtaining 
necessary response characteristic was to 
determine the nature and parameters of 
practical stabilizing circuits. A preliminary 
analysis showed that feasible feedbacks would 
be the rate-of-change of motor field current, 
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Fig. 5.—Servo block diagram of charging circuit. 
stabilizing feedback; Kc, the gain constant 


MA2 MAI 


(Kr is the 
20.) 


PRINCIPLES AND APPLICATIONS OF A CONTROL SYSTEM SIMULATOR 167 


N and @ are small, the expression can be rewritten : the desired speed of response resulted upon sudden 

4 V~K, (N, 4 ©+®, 4N) application of full-load torque. A complication was 
that a speed range of 4: 1 was required of the motor, 
with the control required to work satisfactorily at any 
speed within this range. 

The analysis showed that generally, stabilization 
consisting of negative feedback proportional to rate- 
of-change of motor field current, combined with a 
delayed positive feedback proportional to rate-of- 


where 4 V, 4 ® and 4 N are small changes in the 
initial values of the voltage flux and speed, and ®, 
and N, the initial steady-state values. 
Similarly, if initially T is the developed torque and 
I the motor armature current, then : 
4 T~K,(®, 4 1+1, 4 ®) 































































































The armature current is initially zero, simplifying change of booster output voltage, resulted in the best 
the equation to : performance. Typical response curves are shown in 
4 T~K,®,41 fig. 10. 
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0-1 wr = ay OIM2 
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~100 VOLTS + . Transformer voltage 
Fig. 6.—Simulator, circuit for capacitor charging problem. Fig. 7.—Typical transient solutions of capacitor 
KEY charging problem. 
V-: Reference voltage. Vreg: Voltage drop in transformer and (Full-line trace is the system response with 
rectifier. 160 per cent positive feedback; broken line 
V-: Capacitor voltage. Ve -Ve+Vreg: Transformer primary is the response without feedback.) 
voltage. is: Capacitor charging current. 
. REFERENCE 
The block diagram for the = ae + 
system is then as given in : BOOSTER + 
fig. 9, where the sections - 3 
eliminated in accordance with pens. AO 3 
the above arguments are shown 
in broken line. === CHOKE aia 
This method of reducing the TACHOMETER 2 FEEDBACK CIRCUIT 2. MOTOR 
equations to a linear form by 
using only the equations for seni tate 
small disturbances has proved ~ tie} ” 
to be very effective and quite ~ (me; 
adequate for many servo design ee dw hic’ CURRENT 
problems. = 7 seat eee 2 
The problem then reduced 53 } sai 
to the determination of arch cpemeiebeeaee i a AE LS CNR 
optimum values for loop gain { 7 

















and the parameters of the : - 
feedback circuits, such that Fig. 8.—Circuit for speed control of d.c. motor by field booster. 
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performance over the whole of the motor 
speed range. Thus, with constant positive 
feedback, it was necessary to increase the 
negative feedback as the operating speed was 
reduced from top speed to mean speed. For 
lower speeds the positive feedback was re- 
moved, making it necessary to reduce the 
negative feedback as the speed was decreased 
from mean speed to base speed. An improve- 
ment in performance at base speed was possible 
on making both feedbacks negative. 

With the information gained on the analogue 
computer, it became possible to design the 
following items with confidence : 

The magnetic amplifier, the choke in the 
positive feedback circuit, the negative feedback 
transformer, the complicated arrangement of 
adjusting-resistors in the negative feedback 
circuit, and the method of ganging these to the 
regulator in the motor field to obtain the best 
results at all speeds. 


VOLTAGE REGULATOR CONTROL TURBO- 


ALTERNATORS. 

Extensive studies have been made on the 
optimum design of voltage regulator to give the 
best possible control of a turbo-alternator con- 
nected to a power system. The simulation of the 
voltage regulator is similar to the closed-loop 
control schemes described earlier, while the 
simulation of the synchronized alternator used 
small-oscillation equations described by 
Heffron and Phillips.* This arrangement proved 
adequate for testing the performances of the system 
and for determining the stabilization-limiting bound- 
aries of the alternator under various loading and circuit 
conditions. The stability effects of superimposed 
controls, such as rotor-angle signals, were also ex- 
amined. Figs. 11 and 12 show an actual site result and 
a predicte! simulator solution of the case where an 
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(Full load applied at time T—O. 
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(a) Best result possible with negative feedback only 
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(b) Best result possible with negative & positive feedback 
Fig. 10.—Response curves for 150 h.p. motor operating at | 000 


rev/min. 


Curve |—change in booster 
voltage, curve 2—change in motor speed.) 


overriding rotor-angle control signal prevented a 
60 MW alternator from falling out of step, following 
an incorrect sudden reduction of regulator voltage 
setting. Inspection of the simulator and site results 
shows a close agreement with the predicted stability 
and frequency of oscillation of the disturbance. It will 
be noted that, owing to the use of small-oscillation 
equations, the simulator solution only gives the final 
portion of the transient. This is, of course, the vitally 


pee. c etre 2S a a 6=—- Rn eae pee Seng ee 
T.A. LE.E., 71, 1952, p. 692. ' of the regulator can be quickly calculated. 

966 ae a ae te eee eee t-------------- 1 SHIP PROPULSION PROBLEM. 

t ' This problem proved to be of 

! tert Se eae 

j ! - ction generator 

| anda servo-multiplier unit. The 

Sina 4xj--<- “a ———— a a problem itself concerned the 

a | A speed control of an all-electric 

MOTOR | U4 | LOAD TORQUE drive for a large dredger. The 

Ses a ae | y ; aM diagram of the scheme is given 

Am {x PH a + ' in fig. 13 and the block diagram 

. in fig. 14. The non-linear 

KiP | MOTOR ARMATURE function generator was needed 

‘[ePTs} to simulate the complicated 

















variation of the torque on the 
propeller generated by the 








Fig. 9.—Servo block diagram of motor speed-control circuit. 


speed of the boat through the 
water, and the multiplier unit 
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Fig. 12.—Simulator solution of alternator stability test. 
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Fig. 13.—Circuit of dredger propulsion scheme. 
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was used to obtain the torque of the main 
driving motor as a product of the armature 
current and stator flux, both of which are variable 
quantities. Small-disturbance equations were not 
adequate for this study as a full transient solution was 
required of the total performance following a sudden 
torque disturbance such as a fouling of a propeller 
shaft. 

Studies were made of the performance under various 
conditions of initial dredger speed, and full insight into 
the complicated transient performance of all the 
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variable quantities was obtained. This enabled a 
control scheme to be designed that would cover all 
possible eventualities. Typical transient results that 
were obtained are shown in fig. 15. This shows the 
effect on motor current, speed and flux, on calling for 
maximum speed with the dredger at rest. At point ‘a’ 
on the oscillogram, the propellers have left the water 
while the motor is still developing maximum accelerat- 
ing torque. This was simulated by removing the 
feedback from the non-linear function-generator 
representing the load torque on the propellers. This 
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Fig. 14.—Block diagram of 
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dredger propulsion scheme. 

















Fig. 15.—Typical transient results of dredger propulsion problem. 
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causes the propellers to overspeed, bringing in the 
overspeed limit field of the speed control circuit in 
order to reduce the motor flux quickly, and hence 
reduce the driving torque to zero. At point ‘b’ the 
propellers re-enter the water. 

THE SOLUTION OF SIMULTANEOUS DIFFERENTIAL 

EQUATIONS. 

It can be seen from the other examples of simulator 
work given in this article that for problems such as 
servo systems, it is rarely necessary to study the 
differential equations involved. Knowledge of the 
transfer functions of each item of the equipment 
concerned, and the corresponding simulator circuit, 
enables the most complicated problems to be set up 
on the simulator. This is a great advantage as the 
designer can readily interpret the simulator response at 
any part of the circuit in terms of the actual system 
under consideration. 

There are cases, however, where it is easier to work 
in terms of the differential equations defining the 
system. Such a case is illustrated in fig. 16, which 
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Fig. 16.—Circuit of filter network. 
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Fig. 17.—Simulator diagram for filter network. 
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shows a simple network comprising resistive and 
reactive elements. This is, in fact, one arm of a 
filter network designed to reduce the voltage har- 
monics fed into a 33 kV transmission system. The 
problem was to determine the maximum transient 
current that could flow in each capacitor arm as a 
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By slowing down the time scale and applying a slow 
sine wave at the voltage point V, it was possible to 
obtain solutions for closure of the supply at various 
instants of the sine wave. Results showed that closure 
at the peak of the voltage wave produced the most 
onerous conditions. Fig. 17 shows the simulator 

















Fig. 18.—Current flow in 33 kV filter network at the peak and zero of the voltage wave. 


result of switching operations, in order to achieve a 
design which would prevent unnecessary operation of 
the protective equipment. 

The method of attack in problems of this nature is 
firstly to write down the differential equations of the 
system. The equations should then be rearranged to 
form a set of simultaneous first-order equations with 
the differential terms arranged on the left-hand side. 
This can be simply connected together using the 
integrating amplifier circuit of fig. 2(e), and the 
required transient solution obtained. 


The equations of fig. 1 are : 
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diagram and fig. 18 the results for closure at the 
maximum and zero of the voltage wave. 


CONCLUSIONS. 

The preceding examples illustrate the wide variety 
of design problems that have been studied on this 
simulator. It will be appreciated that there are many 
control problems of the same nature that continuously 
arise and are similarly solved. 

The design engineers concerned with a project do 
their own studies on the simulator once the problem 
is running, and customers are also welcome if they are 
interested. The operation of the simulator in real time 
proves very valuable in this respect in enabling engi- 
neers to obtain a “ feel” of how their system is going 
to behave. Similarly, slowing other solutions down to a 
small fraction of normal can be of great advantage and 
interest for the careful study of fast transient 
phenomena. 

The simulator helps to ensure that the design of a 
complicated control scheme is sound, and that all 
operational eventualities are covered during the design 
stages. This leads to a better design and knowledge of 
the control system, so that testing and commissioning 
times can be reduced to a minimum. 
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